LIGHT SEPARATION DEVICE, BLAZED GRATING DEVICE, 
DIFFRACTION GRATING DEVICE, AND ILLUMINATION OPTICAL SYSTEM 

[0001] This application is based on Japanese Patent Applications No. 2000-130741 filed on 
April 28, 2000, No. 2000-184299 filed on June 20, 2000, and No. 2000-197942 filed on June 30, 
2000, the contents of which are hereby incorporated by reference. 

BACKGROUND OF THE INVENTION 

Field of the Invention 

[0002] The present invention relates to a blazed grating device and to a diffraction grating 
device, and particularly to a light separation device that separates light according to the 
properties of the light. The present invention also relates to an illumination optical system 
provided with such a blazed grating device, diffraction grating device, or light separation 
device. 

Description of the Prior Art 

[0003] In an image display apparatus that modulates illumination light with a spatial 
modulation device so that the modulated light represents an image, various kinds of optical 
devices are used to direct the illumination light to the spatial modulation device. In cases 
where a liquid crystal display (LCD) is used as a spatial modulation device, the LCD needs to 
be fed with linearly polarized light that is polarized uniformly on a fixed polarization plane 
(i.e. the plane on which electrical vectors vibrate). For this reason, when a light source that 
emits unpolarized light is used, a polarization separation (PBS) prism or polarizing plate is 
used together to extract linearly polarized light that suits the LCD. 



[0004] Fig. 45 shows the structure of a PBS prism. A PBS prism is composed of a PBS 
film 151c sandwiched between two prism elements 151a and 151b, each having the shape of a 
rectangular equilateral triangle in cross section. The PBS film 151c separates P-polarized 
and S-polarized light components by selectively transmitting one and reflecting the other. 
5 However, in general, at angles of incidence smaller than about 45°, the PBS film 151c does 
not exhibit sufficient selectivity between transmission and reflection, and thus does not offer 
satisfactory separation. This is the reason that a PBS film 151c is usually sandwiched 
between two prism elements 151a and 151b so as to be used in the form of a PBS prism 
having the shape of a square prism. 

10 [0005] Simply separating differently polarized light components as achieved with a PBS 
prism, or simply absorbing an unnecessary linearly polarized light component with a 
polarizing plate, results in the loss of about half of the illumination light fed from a light 
source. To avoid this, it is customary to integrate together the two linearly polarized light 
components obtained as a result of polarization separation by rotating the polarization plane 

15 of one light component through 90° with a half-wave plate so that the polarization plate of 
this light component coincides with that of the other (for example, as disclosed in Japanese 
Patent Application Laid-Open No. HI 0-1 97827). Performing polarization conversion in this 
way helps almost eliminate the loss of illumination light, and thus makes it possible to 
illuminate a spatial modulation device with high light use efficiency. 

20 [0006] In cases where a reflective LCD is used, since the optical path of the illumination 
light that illuminates the LCD coincides with the optical path of the light reflected from the 
LCD, it is necessary to separate the illumination light beam and the reflected light beam, of 
which the latter represents an image, somewhere in their optical paths. To achieve this, an 
optical device that reflects one and transmits the other of the illumination and reflected light 
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beams is used. 

[0007] A PBS prism as described above is used for this purpose also. In cases where a 
reflective LCD is used in such a way that the light that has its polarization plane rotated 
through 90° by being modulated by the LCD represents an image, if the light transmitted 
through a PBS prism is used as illumination light, the light that represents the image is 
reflected from the PBS prism; alternatively, if the light reflected from the PBS prism is used 
as illumination light, the light that represents the image is transmitted through the PBS prism. 
In either case, it is possible to direct the reflected light, which represents the image, in a 
direction different from the direction leading to the light source. 

[0008] Fig. 46 shows another optical device used to separate illumination light and 
reflected light. This optical device has a large number of grooves 152d, each having a V- 
shaped cross section, formed in the top surface 152a of a transparent flat plate 152, and is 
arranged with its bottom surface 152b facing a reflective LCD 153. The light fed from a 
light source is introduced into the flat plate 152 through an end surface 152c thereof, and then 
travels inside the flat plate 152 by being totally reflected from the top and bottom surfaces 
152a and 152b. Meanwhile, the light strikes the surfaces of the grooves 152d and is 
reflected therefrom. As a result, the light is then transmitted through the bottom surface 
152b, and then illuminates the LCD 153. The light reflected from the LCD 153 enters the 
flat plate 152 through the bottom surface 152b, and then exits from the flat plate 152 by being 
transmitted through the top surface 152a. 

[0009] Between the flat plate 152 and the LCD 153, a polarizing plate 154 is disposed to 
form the illumination light into linearly polarized light. The LCD 153 is so controlled that, 
not the linearly polarized light component that has its polarization plane rotated through 90° 
by being modulated, but the linearly polarized light component of which the polarization 



plane has not been rotated by modulation is used as light representing an image. 
[0010] One conventional way to display color images is to provide each pixel of an LCD 
with a color filter that selectively transmits red (R), green (G), or blue (B) light. However, in 
this arrangement, two-thirds of the white light fed from a light source is lost by the color 
filters, which results in low light use efficiency. To avoid this, in recent years, it has been 
becoming increasingly common to separate illumination light into R, G, and B light 
components that travel along slightly different optical paths and provide an LCD with a 
microlens array so that the R, G, and B light components strike different pixels. 
[0011] Fig. 47 shows an optical system used to separate colors by this method. This 
optical system is composed of three dichroic mirrors 155R, 155G, and 155B. The dichroic 
mirrors 155R, 155G, and 155B selectively reflect R, G, and B light components, respectively, 
and transmit the light components of the other colors. The dichroic mirrors 155R, 155G, and 
155B are arranged at an angle to one another so as to reflect the light incident thereon in 
different directions. The differences between the angles at which the reflected R, G, and B 
light components travel are twice as great as the differences between the angles at which the 
dichroic mirrors 155R, 155G, and 155B are arranged. 

[0012] As shown in Fig. 48, the LCD 153 is provided with a microlens array 156 that is 
so arranged that each of the microlenses 156a constituting it faces three adjacent pixels 153R, 
153G, and 153B. Each microlens 156a receives the R, G, and B light components from 
different directions and makes them converge on different pixels 153R, 153G, and 153B. In 
this way, it is possible to direct the whole light fed from the light source to the pixels of the 
LCD 153, and thereby obtain bright images. 

[0013] A device called a digital micromirror device (DMD) having a large number of 



mirror elements arranged in a two-dimensional array is also used as a spatial modulation 




device. In a DMD, the angle of each mirror element is variable so that, according to this 
angle, the light incident thereon is reflected selectively in one of two predetermined directions. 
Of the light thus reflected in two directions by the DMD, the portion reflected in one direction 
is extracted as light representing an image, and the portion reflected in the other direction is 
5 discarded as unnecessary light. 

[0014] Fig. 49 shows a typical optical system used to illuminate a DMD. This optical 
system is composed of two prisms 157a and 157b arranged with a minute gap between them. 
The light fed from a light source is introduced into the prism 157a from the side. The 
surface 157c of the prism 157a that faces the prism 157b is so formed that the introduced light 
10 strikes it at an angle of incidence grater than the critical angle, and therefore the introduced 
light is totally reflected from the surface 157c. As a result, the light is then transmitted 
through the surface 157d, and then illuminates the DMD 158. The light reflected from the 
DMD 158 enters the prism 157a through the surface 157d. The light that has entered the 
'Jp prism 157a reaches the surface 157c at an angle of incidence smaller than the critical angle, 

iu 

ifl 15 and is thus transmitted therethrough. The light is then transmitted through the prism 157b. 

P 

| a* In this way, an optical system used to illuminate a DMD exploits total reflection on and 

transmission through prism surfaces. 

[0015] A polarizing plate is easy to use because it has a simple structure and has the 
shape of a flat plate. However, the transmittance that a polarizing plate exhibits to the 
20 linearly polarized light component that is transmitted therethrough is about 80% at best. 
This causes loss of light. Moreover, a polarizing plate absorbs all light components other 
than the linearly polarized light component that is transmitted therethrough. This makes the 
polarizing plate hot and thereby affects the other devices arranged nearby such as an LCD. 
When intense light is used to obtain bright images, the polarizing plate becomes particularly 
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hot. 

[0016] A PBS prism does not absorb light, and therefore does not become hot. 
Moreover, a PBS prism permits the use of both the light transmitted therethrough and the light 
reflected therefrom. Moreover, a PBS prism can easily be made to offer a transmittance or 
5 reflectance of substantially 100%, and thus excels in light use efficiency. However, a PBS 
prism has a thickness that is equal to the width of the entrance surface thereof, and thus makes 
the display apparatus that incorporates it larger and heavier. In a display apparatus of a 
projection type that forms an image on a screen by projecting light representing the image 
onto the screen, using a PBS prism makes the back focal length of the projection optical 
10 system longer, and therefore a large projection optical system is required to obtain bright 
images. This problem of making display apparatuses larger and heavier also applies to the 
optical system shown in Fig. 49, which, too, uses prisms. 

[0017] The optical device shown in Fig. 46 is easy to use because it has a simple structure 
and can be produced simply by forming grooves in a flat plate. However, part of the light 
15 that has entered the flat plate by being reflected from an LCD is reflected from the surfaces of 
the grooves, and thus cannot be transmitted through the flat plate. As a result, dim stripes 
appear in the displayed image. Such dim stripes can be made less conspicuous to a certain 
degree by making the width of the grooves narrower, but there is no fundamental remedy for 
this problem. 

20 [0018] The optical system shown in Fig. 47, composed of three dichroic mirrors, excels 
in light use efficiency. However, those dichroic mirrors are separate devices, and therefore it 
is difficult to arrange them at correct angles to one another. Thus, assembling the optical 
system requires a long time and lowers the overall manufacturing efficiency. 
[0019] Diffractive optical devices are used in various fields of optics. A diffractive 
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optical device has a grating surface with microstructures formed thereon that consist of 
minute projections and depressions arranged in a periodic pattern, and deflects light by 
diffraction. Diffractive optical devices are grouped into a bi-level type having projections 
and depressions, both with flat surfaces, respectively formed at two different levels (heights), 
5 a multi-level type having one or more intermediate levels between such projections and 
depressions, and a blazed type having slanted surfaces so as to have a sawtooth-shaped 
section. Diffractive optical devices of any of these types may be of a transmission type that 
diffracts the light that is transmitted therethrough, or of a reflection type that has its grating 
surface coated with a reflective film so as to diffract the light that is reflected therefrom. 
nQ 10 Transmission-type diffractive optical devices often have their grating surface coated with an 

m 

*h anti-reflection film to obtain higher transmittance. 



ill 



|2 [0020] Though not a diffractive optical device, a Fresnel lens also has a large number of 

minute slanted surfaces, and is thus formed as a blazed device having a sawtooth-shaped 

*p section. In diffractive optical devices, the difference between the levels of projections and 

sly 

p 15 depressions is about equal to the wavelength of light, so that light is diffracted. By contrast, 
f« in Fresnel lenses, the difference between the levels of projections and depressions is several 

times or more as great as the wavelength of light, so that light is deflected exclusively by 

refraction. 

[0021] Diffractive optical devices and Fresnel lenses have the great advantage of being 
20 thin optical devices. 

[0022] According to the Japanese Patent Application Laid-Open No. HI 0-197827 
mentioned previously, a polarization separation device is built as a diffraction grating formed 
out of an isotropic transparent material, and an optically anisotropic layer formed out of a 
birefringent material, and the like. However, even when a diffraction grating is formed out 
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of an isotropic transparent material, unless due consideration is given to the thickness of the 
diffraction grating, the diffraction grating may exhibit birefringence, of which the effect can 
lower light use efficiency. Moreover, diffraction gratings are optical components having 
microstructures, and therefore it is difficult to achieve high reliability in a diffraction grating 
5 by forming it as a single member. In addition, diffraction gratings are required to be easy to 
produce in terms of their moldability. 

SUMMARY OF THE INVENTION 
[0023] An object of the present invention is to provide an optical device that, despite 

=0 10 being thin and light, can satisfactorily separate light into light components having different 

if- 

properties, and to provide, in particular, a polarization separation device that offers high 
performance and high reliability. 

[0024] Another object of the present invention is to provide an illumination optical 
system that achieves high light use efficiency. 
15 [0025] To achieve the above objects, according to one aspect of the present invention, a 
j?* polarization separation device is provided with: a diffractive optical element layer formed 

out of an optically substantially isotropic transparent sheet and having a diffraction grating 
surface; and an optically anisotropic layer formed out of an optically anisotropic birefringent 
material and disposed contiguously with the diffraction grating surface. Here, the diffractive 
20 optical element layer is 0. 1 to 1 mm thick. 

[0026] According to another aspect of the present invention, a polarization separation 
device is provided with: a first transparent flat plate; a second transparent flat plate; a 
diffractive optical element disposed between the first and second transparent flat plates and 
formed as a thin sheet or film of an optically substantially isotropic transparent resin; and 
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liquid crystal sealed in between the first and second transparent flat plates. Here, the 
diffractive optical element has a flat surface on the side thereof facing the first transparent flat 
plate and has a blazed diffraction grating surface on the side thereof facing the second 
transparent flat plate. Moreover, with the first and second transparent flat plates firmly fitted 
together with sealant, the liquid crystal is sealed in between the first and second transparent 
flat plates so as to be contiguous with the diffraction grating surface. Moreover, the surface 
of the second transparent flat plate that faces the diffractive optical element has been 
subjected to an orientation process. 

[0027] According to another aspect of the present invention, a polarization separation 
device is provided with: a first transparent flat plate; a second transparent flat plate; a 
diffractive optical element disposed between the first and second transparent flat plates and 
formed as a thin sheet or film of an optically substantially isotropic transparent resin; and 
liquid crystal sealed in between the first and second transparent flat plates. Here, the 
diffractive optical element has blazed diffraction grating surfaces on both sides thereof facing 
the first and second transparent flat plates. Moreover, with the first and second transparent 
flat plates firmly fitted together with sealant, the liquid crystal is sealed in between the first 
and second transparent flat plates so as to be contiguous with the diffraction grating surface. 
Moreover, the surfaces of the first and second transparent flat plates that face the diffractive 
optical element have been subjected to an orientation process. 

[0028] According to another aspect of the present invention, an illumination optical 
system is provided with: a light source for emitting illumination light; an integrator rod for 
making the spatial energy distribution of the illumination light emitted from the light source 
uniform; one of the polarization separation devices described above for separating the 
illumination light that has exited from the integrator rod into two linearly polarized light 



components having mutually perpendicular polarization planes; a relay lens for relaying the 
two linearly polarized light components separated by the polarization separation device; and 
polarization plane rotating means for rotating the polarization plane of one of the two linearly 
polarized light components through about 90° in the vicinity of the aperture stop position of 
the relay lens, or in the vicinity of the position conjugate therewith, so as to make the 
polarization of the light that exits from the relay lens uniform. 

[0029] According to another aspect of the present invention, an illumination optical 
system is provided with: a light source for emitting illumination light; a first lens array and 
a second lens array for making the spatial energy distribution of the illumination light emitted 
from the light source uniform; one of the polarization separation devices described above for 
separating the illumination light into two linearly polarized light components having mutually 
perpendicular polarization planes in the vicinity of the first lens array; and polarization plane 
rotating means for rotating the polarization plane of one of the two linearly polarized light 
components through about 90° in the vicinity of the second lens array, or in the vicinity of the 
position conjugate therewith, so as to make the polarization of the light that exits from the 
second lens array uniform. 

[0030] According to another aspect of the present invention, a blazed grating device is 
provided with: a plate-shaped transparent substrate having a blazed grating formed on a 
surface thereof; and a separation coating formed on the blazed grating of the transparent 
substrate so as to reflect or transmit incident light according to the properties of the incident 
light. 

[0031] According to another aspect of the present invention, a diffraction grating device 
is provided with: a plate-shaped transparent substrate having a diffraction grating formed on 
a surface thereof; a separation coating formed on the diffraction grating of the transparent 
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substrate so as to reflect or transmit incident light according to how the incident light is 
polarized; and a plate-shaped transparent member kept in intimate contact with the diffraction 
grating of the transparent substrate with the separation coating sandwiched in between. 
[0032] According to another aspect of the present invention, an illumination optical 
5 system is provided with a diffraction grating device, which is provided with: a plate-shaped 
transparent substrate having a diffraction grating formed on a surface thereof; and a separation 
coating formed on the diffraction grating of the transparent substrate so as to reflect or 
transmit incident light according to the properties of the incident light. Here, the 
illumination optical system uses the diffraction grating device both to direct light to an object 

in 

*0 10 to be illuminated so as to illuminate the object and to direct the light reflected from the object 

m 

out of the illumination optical system by letting this light pass through the diffraction grating. 



m 

m 

^ BRIEF DESCRIPTION OF THE DRAWINGS 

? [0033] This and other objects and features of the present invention will become clear 

IC 

j'jl 15 from the following description, taken in conjunction with the preferred embodiments with 

P 

reference to the accompanying drawings in which: 

Fig. 1 is a sectional view showing the polarization separation^device of a Jirst 
embodiment of the invention having a diflfractive optical element layer in sheet form; 

Fig. 2 is a graph showing the wavelength dependence of the transmission efficiency 
20 and diffraction efficiency of the polarization separation device shown in Fig. 1 ; 

Fig. 3 is a graph showing the angle-of-incidence dependence of the transmission 
efficiency and diffraction efficiency of the polarization separation device shown in Fig. 1; 

Fig. 4 is a sectional view showing the process of forming the diffraction grating 
surface of the composite^ypeu diffractive optical device of a second embodiment of the 
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invention; 

Fig. 5 is a sectional view showing a polarization separation device employing the 
diffractive optical device shown in Fig. 4; 

Fig. 6 is an enlarged view of a portion (the encircled portion Z) of the polarization 
separation device shown in Fig. 5; 

Fig. 7 is an enlarged view showing how an end portion (where there are burrs) of the 
resin layer of the polarization separation device shown in Fig. 5 is covered with the protective 
agent; 

Fig. 8 is an enlarged view showing how an end portion (where there are no burrs) of 
the resin layer of the polarization separation device shown in Fig. 5 is covered with the 
protective agent; 

Fig. 9 is an enlarged view showing the liquid crystal injection opening portion of the 
polarization separation device shown in Fig. 5; 

Fig. 10 is an enlarged view showing how the liquid crystal injection opening portion 
of the polarization separation device shown in Fig. 5 is covered with the sealing agent; 

Fig. 1 1 is a sectional view of the polarization separation device of a third embodiment 
of the invention; 

Fig. 12 is a sectional view of the polarization separation device of a fourth 
embodiment of the invention; 

Fig. 13 is a sectional view of the polarization separation device of a fifth embodiment 
of the invention; 

Fig. 14 is a sectional view of the polarization separation device of a sixth embodiment 
of the invention; 

Fig. 15 is a sectional view of the polarization separation device of a seventh 
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embodiment of the invention; 

Fig. 16 is a sectional view of the polarization separation device of an eighth 
embodiment of the invention; 

Fig. 17 is a sectional view of the polarization separation device of a ninth embodiment 
of the invention; 

Fig. 18 is a sectional view of the polarization separation device of a tenth embodiment 
of the invention; 

Fig. 19 is a sectional view of the polarization separation device of an eleventh 
embodiment of the invention; 

Fig. 20 is an optical construction diagram showing the illumination optical system of a 



twelfth embodiment of the invention, which has an ^ntegrato^rgd, in a sectional view along 
the plane of color separation optical paths; 

Fig. 21 is an optical construction diagram showing the illumination optica^ system of 
the twelfth embodiment in a sectional view along the plane of polarization conversion optical 



Fig. 22 is an optical construction diagram showing the illumination optical system of a 
thirteenth embodiment of the invention, which performs polarization conversion in a different 
manner than is shown in Fig. 21, in a sectional view along the plane of polarization 
conversion optical paths; 

Fig. 23 is an optical construction diagram showing the illumination optical system of a 
fourteenth embodiment of the invention, which has an integrator of a lens array type, in a 
sectional view along the plane of polarization conversion optical paths; 

Fig. 24 is an optical sectional view showing the polarization conversion portion of the 
illumination optical system of the fourteen th embodiment; 




paths; 
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Fig. 25 is a sectional view schematically showing the structure of the blazed grating 
device of a fifteenth embodiment of the invention; 

Fig. 26 is a sectional view schematically showing the structure of the blazed grating 
device of a sixteenth embodiment of the invention; 

Fig. 27 is a sectional view schematically showing the structure of the optical device of 
a seventeenth embodiment of the invention and its action on light; 

Fig. 28 is a diagram showing the relationship between the transmittance of the PBS 
film provided in the optical device of the seventeenth embodiment and the wavelength of the 
light incident thereon at an angle of incidence of 45°, plotted separately for P-polarized and S- 
polarized light components; 

Fig. 29 is a sectional view showing a case in which the optical device of the 
seventeenth embodiment is used as an illumination optical system for ajeflective LCD; 

Fig. 30 is a sectional view schematically showing the structure of the optical device of 
an eighteenth embodiment of the invention and its action on light; 

Fig. 31 is a diagram showing the relationship between the transmittance of the PBS 
film provided in the optical device of the eighteenth embodiment and the wavelength of the 
light incident thereon at an angle of incidence of 60°, plotted separately for P-polarized and S- 
polarized light components; 

Fig. 32 is a sectional view showing a case in which the optical device of the eighteenth 
embodiment is used as an illumination optical system for a transmissive LCD and as an 
optical system for extracting light representing an image; 

Fig. 33 is a sectional view schematically showing the structure of the optical device of 
a nineteenth embodiment of the invention and its action on light; 

Fig. 34 is a sectional view schematically showing the structure of the optical device of 
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a twentieth embodiment of the invention and its action on light; ^ 

Fig. 35 is a diagram showing the relationship between the transmittance of the R light 
reflecting dichroic film provided in the optical device of the twentieth embodiment and the 
wavelength of the light incident thereon at an angle of incidence of 45°, plotted separately for 
P-polarized and S-polarized light components; 

Fig. 36 is a diagram showing the relationship between the transmittance of the G light 
reflecting dichroic film provided in the optical device of the twentieth embodiment and the 
wavelength of the light incident thereon at an angle of incidence of 45°, plotted separately for 
P-polarized and S-polarized light components; 

Fig. 37 is a diagram showing the relationship between the transmittance of the B light 
reflecting dichroic film provided in the optical device of the twentieth embodiment and the 
wavelength of the light incident thereon at an angle of incidence of 45°, plotted separately for 
P-polarized and S-polarized light components; 

Fig. 38 is a sectional view schematically showing the structure of the optical device of 
a twgnty^first embodiment of the invention and its action on light; 

Fig. 39 is a diagram showing the relationship between the transmittance of the angle 
separation film provided in the optical device of the twenty-first embodiment and the angle of 
incidence of the light incident thereon, for light having a wavelength of 550 nm; 

Fig. 40 is a sectional view showing a case in which the optical device of the twenty- 
first embodiment is used as an illumination optical system for a reflective LCD; 

Fig. 41 is a sectional view showing a case in which the optical device of the twenty- 
first embodiment is used as an illumination optical system for a DMD; 

Fig. 42 is a sectional view showing a case in which the optical device of the twenty- 
first embodiment is used as an illumination optical system for a DMD and as an optical 
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system for extracting light representing an image; 

Fig. 43 is a sectional view schematically showing the structure of the optical device of 
a twenty-second embodiment of the invention and its action on light; 

Fig. 44 is a sectional view showing a case in which the optical device of the twenty- 
second embodiment is used as an illumination optical system for a reflective LCD; 

Fig. 45 is a diagram showing the structure of a PBS prism; 

Fig. 46 is a diagram showing a conventional optical device for separating the light 
with which a reflective LCD is illuminated and the light reflected from the LCD; 

Fig. 47 is a diagram showing a conventional optical system that separates white light 
into R, G, and B light components that travel along different optical paths that run at an angle 
to one another; 

Fig. 48 is a diagram showing the structure of an LCD provided with a microlens array 
and illuminated with R, G, and B light components that travel along different optical paths 
that run at an angle to one another; and 

Fig. 49 is a diagram showing a conventional optical system for illuminating a DMD. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 
[0034] Hereinafter, embodiments of the present invention will be described with 
reference to the drawings. It is to be noted that, in the following descriptions, such 
constituent elements as serve the same or corresponding purposes between different 
embodiments are identified with the same reference numerals or symbols, and overlapping 
explanations will be omitted unless necessary. 

Embodiment 1: a polarization separation device having a diffractive optical element 
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layer in sheet form 

[0035] As a first embodiment of the invention, Fig. 1 shows, in a sectional view, a 
polarization separation device 1 having a diffractive optical element layer 32 in sheet form. 
This polarization separation device 1 is provided with, as its essential constituent elements, a 
diffractive optical element layer 32 of a surface-relief type (i.e. a film thickness modulation 
type), a liquid crystal layer 33 made of nematic or smectic liquid crystal, an opposed flat plate 
34, and sealant 35. The diffractive optical element layer 32 is formed as a transparent sheet 
of an optically substantially isotropic resin, and has a blazed diffraction grating surface 32a. 
The liquid crystal layer 33, which is contiguous with the diffraction grating surface 32a, is a 
layer of an optically anisotropic material that is optically anisotropic uniaxially. The 
opposed flat plate 34, which is contiguous with the liquid crystal layer 33 so that the liquid 
crystal layer 33 is sandwiched between the opposed flat plate 34 and the diffractive optical 
element layer 32, is a transparent substrate made of resin or glass. On the liquid crystal layer 
33 side surface of the opposed flat plate 34 is provided an orientation film 34a, which has 
been subjected to a rubbing process so that the liquid crystal molecules are oriented 
homogeneously along the grooves of the diffraction grating surface 32a. 

[0036] It is preferable that the d iffractive _optical ele ment la yer 32 be made of a 
thermoplastic resin, examples of which include PA (polyamide), PE (polyethylene), PS 
(polystyrene), PVC (polyvinyl chloride), PMMA (polymethyl methacrylate), PC 



<^go lycarbonat e)) amorphous polyo^^ Using a tjiennop^ as the material 

of the diffractive optical element layer 32 permits it to be injection-molded, and thus permits 
it to be manufactured cheaply. Moreover, it is preferable that the opposed flat plate 34 and 
the diffractive optical element layer 32 have substantially the same linear expansion 
coefficient. Giving them substantially the same linear expansion c oefficien t helps achieve 
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high^reliability, because then, even when the diffractive optical element layer 32 and the 
opposed flat plate 34 expand or contract as a result of a change in environmental [condition s, 
such as avariatio^ they are less likely to come apart from each other at the 

sealant 35. To give them substantially the same linear expansion coefficient, it is preferable 
5 that the opposed flat plate 34 and the diffractive optical element layer 32 be made of the same 
^material, and it is further preferable that they be both made of an optically substantially 
isotropic resin. 

[0037] The liquid crystal sealed in between the diffractive optical element layer 32 and 
the opposed flat plate 34 is a birefringent material that is optically anisotropic, and therefore 
10 exhibits different refractive indices to ordinary and extraordinary light. Accordingly, the 
diffracting^effect exjertedjby the^diffi^tio^grgling surface 32a, which is disposed at the 
boundary between the liquid crystal and the diffractive optical element layer 32, which is 

^ optically substantially isotropic, acts differently upon ordinary and extraordinary light. In 

□ 

|e this polarization separation device 1, the materials used are so selected that the refractive 

m 

IfS 15 index of the liquid crystal for either ordinary or extraordinary light is equal to the refractive 

h 

}« index of the diffractive optical element layer 32. For example, when the refractive index of 

the liquid crystal layer 33 for ordinary light is set equal to the refractive index of the 
diffractive optical element layer 32, ordinary light is transmitted through the diffraction 
grating surface 32a without being acted upon by the diffracting effect thereof, and 
20 extraordinary light is deflected by being acted upon by the diffracting effect exerted by the 
diffraction grating surface 32a. By contrast, when the refractive index of the liquid crystal 
layer 33 for extraordinary light is set equal to the refractive index of the diffractive optical 
element layer 32, extraordinary light is transmitted through the diffraction grating surface 32a 
without being acted upon by the diffracting effect thereof, and ordinary light is deflected by 
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being acted upon by the diffracting effect exerted by the diffraction grating surface 32a. 
[0038] Disposing the liquid crystal layer 33 and the diffraction grating surface 32a 
contiguously as described above makes it possible to separate the illumination light incident 
thereon into two linearly polarized light components having mutually perpendicular 
polarization planes. In addition, using the "blazed" diffraction grating surface 32a helps 
achieve high diffraction efficiency. The higher the diffraction efficiency obtained on the 
diffraction grating surface 32a, the higher the polarization conversion efficiency achieved, and 
thus the higher the light use efficiency achieved. 

[0039] To achieve polarization separation of illumination light by the use of the 
polarization separation device 1 described above, the illumination light may be introduced 
thereto from either side thereof, i.e. either from the diffractive optical element layer 32 side or 
the opposed flat plate 34 side thereof It is preferable, however, that the optical members 
that are disposed on the exit side of the diffraction grating surface 32a be made appropriately 
thin. Since the illumination light that is incident on the polarization separation device 1 is 
unpolarized, even if its polarization is disturbed until it reaches the diffraction grating surface 
32a, no problem results; however^Tf the polarization of the illumination light is disturbed in 
an optical member through which it passes after it has undergone polarization separation on 
the diffraction grating surface 32a, polarization separation efficiency lowers, which makes it 
impossible to obtain the desired performance. One of the causes of such disturbance of 
polarization is the birefringence of an optical member. Even when an optical member is 
formed as a transparent member made of an optically substantially isotropic material, as the 
optical member is made thicker, it exerts a stronger effect of birefringence, which makes 
disturbance of polarization more likely. Making an optical member thin reduces the effect of 
its birefringence, and thus helps suppress disturbance of polarization. In addition, making an 
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optical member thin also offers th e adva ntage of highen^ 

[0040] For these reasons, it is preferable that an optical member that is disposed at the 
exit side of the diffraction grating surface 32a be made 0.1 to 1 mm thick. In particular, it is 
preferable that the diffractive optical element layer 32 be made 0.1 to 1 mm thick. Forming 
5 the diffractive optical element layer 32 as a thin film in this way makes it possible to prevent 
disturbance of polarization caused by the effect of birefringence as described above even in 
cases where thejylarjzation separation device 1 is used in such a way that the polarizedjight 
components^obtained as a result of polarization separation exit therefrom at the diffractive 
optical element layer 32 side thereof. In cases where the diffractive optical element layer 32 
10 is molded out of resin, it is preferable to make it thin, because doing so makes its molding 
easier, and thus helps reduce the cost. However, making the diffractive optical element layer 



W 32 thinner than 0. 1 mm lowers its mechanical strength, and thus makes its handling difficult. 

m - - - — — 

|tA [0041] Now, the thickness of the diffractive optical element layer 32 will be discussed in 

"p more detail. Ideally, optical materials, such as optical resins and optical glasses, should be 

sii 

}fi 15 optically isotropic and should not exhibit birefringence. In reality, however, any optical 



material exhibits a slight degree of birefringence. The causes of this birefringence include 
the stress that remains inside an optical material after molding, the stress that develops in a 
molded member as a result of a mechanical force applied thereto or a temperature difference 
caused by heating and cooling, etc. 
20 [0042] Such birefringence causes an optical path difference that is given by formula (FA) 
below. Table 1 lists the optical path difference 5 (nm) caused by birefringence in different 
optical materials when d = 1 . 



8 = B - o • d 



(FA) 
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represents the optical path difference (nm) caused by birefringence; 
represents the photoelasticity constant (x 10" 12 / Pa); 

represents the stress difference (10 5 Pa) that has developed in the optical 
material; and 

represents the thickness (cm) of the optical material. 



TABLE 1 



Optical Material 


6 (nm) 


PMMA 


-6 


PMMA (near a gate) 


50 


PC 


72 


Amorphous Polyolefin Resin 


6 


Optical Glass 


0.2 to 5 



[0043] Of the two linearly polarized light components separated by the polarization 
separation device 1 shown in Fig. 1 , one then has its polarization plane rotated through 90° so 
that the two linearly polarized light components have the same polarization plane. To 
achieve this, a polarization plane rotating means is used, which is realized, for example, with 
a half-wave plate such as is used in the illumination optical system described later (66 in Figs. 
20 to 22). A half-wave plate is a phase plate that rotates the polarization plane of one of the 
linearly polarized light components through 90° by giving it an optical path difference 
corresponding to half its wavelength. This means that, unless the optical path difference 8 
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where 

8 
B 



caused by birefringence is sufficiently small (in the order of several percent) relative to half 
the wavelengths of visible light (i.e., for the e-line, relative to 273 nm, which is half of 546.1 
nm), it is impossible to achieve polarization conversion satisfactorily. 

[0044] In general, an optical resin exhibits ten times or more as high a degree of 
birefringence as an optical glass that exhibits a relatively low degree of birefringence. For 
this reason, in cases where the diffractive optical element layer 32 is made of resin, when the 
illumination light from a lamp (60 in Figs. 20 to 22) travels from the liquid crystal layer 33 to 
the diffractive optical element layer 32, as the linearly polarized light components obtained as 
a result of polarization separation on the diffraction grating surface 32a travel through the 
resin forming the diffractive optical element layer 32, their polarization is disturbed, which 
makes polarization separation impossible. While the birefringence ascribable to a resin 
material itself has a strong effect, even with a single resin material, the birefringence 
ascribable to the internal stress that inevitably remains inside it after molding also has a strong 
effect. For example, in injection molding, an intense stress remains near a gate (i.e. an 
opening through which the resin is injected), where the resin exhibits an accordingly high 
degree of birefringence. 

[0045] In Table 1, in the column of the value 5 are listed actual values of the 
birefringence that different optical materials exhibit when their thickness d is 1 (cm), and 
these values show that a considerably high degree of birefringence is observed in PMMA near 
a gate and in PC. An effective way to eliminate the effect of such birefringence is to make 
the optical material thinner. For example, the optical path difference 8 for the e-line 
(wavelength X = 546.1 nm) caused by birefringence in PMMA (near a gate) when its 
thickness d = 1 (cm) is 50 (nm), which means that the birefringence exerts a strong effect. 
By contrast, when the thickness is reduced to about one-tenth, i.e. 1 (mm), then the optical 
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difference 5 for the same wavelength X = 546.1 (nm) is reduced to about 5 (nm), which is a 
sufficiently small value in practical terms, and thus the effect of the birefringence is negligible. 
However, as described previously, making the optical material too thin makes it impossible to 
secure sufficient mechanical strength, and therefore it is preferable to make the optical 
material at least about 0.1 (mm) thick. In summary, it is preferable that the diffractive 
optical element layer 32 be made about 0.1 to 1 (mm) thick irrespective of its material, and, 
when the diffractive optical element layer 32 is made of an optical resin, it is particularly 
preferable that it be made 0. 1 to 1 (mm) thick. 

[0046] It is preferable that the diffraction grating surface 32a fulfill conditional formulae 
(1) and (2), and in addition (3) or (4) below. Fulfilling these conditional formulae helps 
enhance polarization separation efficiency. If the lower limit of conditional formula (2) is 
transgressed, the diffraction grating height is so great relative to the diffraction grating pitch 
that obliquely incident light is not diffracted effectively. This lowers diffraction efficiency. 
The same is true if the upper limit of conditional formula (1) is transgressed. Using liquid 
crystal as a birefringent material is effective in producing easily and cheaply an optically 
anisotropic layer that exhibits birefringence, and no liquid crystal has ever been known to 
transgress the upper limit of conditional formula (2). If the lower limit of conditional 
formula (1) is transgressed, it is difficult to form the diffraction grating surface 32a. 



1.5 <H<6 



(1) 



0.1 < An < 0.3 



(2) 



np ~ no 



(3) 



np ~ ne 



(4) 
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where 



H represents the diffraction grating height (M-m); 

An represents the greater of the refractive index differences |np - no| and |np - ne|; 

np represents the refractive index of the diffractive optical element layer 32; 

no represents the refractive index for ordinary light of the optically anisotropic 

layer (here, the liquid crystal layer 33); and 
ne represents the refractive index for extraordinary light of the optically 

anisotropic layer (here, the liquid crystal layer 33). 

[0047] It is preferable that the diffraction grating surface 32a fulfill conditional formula 
(5) below. Conditional formula (5) defines the condition that, when the polarization 
separation device 1 is used in an illumination optical system, permits a compact layout and 
ensures high polarization separation efficiency. If the lower limit of conditional formula (5) 
is transgressed, obliquely incident light is not diffracted effectively, which lowers diffraction 
efficiency. If the upper limit of conditional formula (5) is transgressed, the polarization 
separation angle becomes so small that the conjugate length needs to be increased, which 
makes it difficult to achieve satisfactory compactness. 



5<D< 15 



(5) 



where 



D 



represents the diffraction grating pitch (jam). 



[0048] 



Fig. 2 is a graph showing the wavelength dependence of the transmission 
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efficiency (EO, for the diffracted light of order 0) and the diffraction efficiency (El, for the 
diffracted light of order +1) observed in the polarization separation device 1. Here, the 
diffractive optical element layer 32 has a diffraction grating pitch D = 8.5 (jam), a diffraction 
grating height H = 2.75 (^im), and a refractive index np =1.52, and the diffraction angle of the 
diffracted light of order +1 is 3.8 (°). The liquid crystal layer 33 has refractive indices no = 
1.52 and ne = 1.72 for ordinary and extraordinary light, respectively (hence, An = 0.2). 
[0049] Fig. 3 is a graph showing the wavelength dependence, plotted separately for light 
of different wavelengths R, G, and B (R: 633 nm, G: 532 nm, and B: 473 nm), of the 
transmission efficiency (EOR, EOG, and EOB, for the diffracted light of order 0) and the 
diffraction efficiency (E1R, E1G, and E1B, for the diffracted light of order +1) observed in 
the polarization separation device 1 . As Fig. 3 shows, for light of all wavelengths R, G, and 
B, it is possible to obtain transmission efficiency (EOR, EOG, and EOB) of 90% or higher, and 
diffraction efficiency (E1R, E1G, and E1B) of 50% or higher within the range of angles of 
incidence of ± 20°. 

Embodiment 2: a polarization separation device having a composite-type diffractive 
optical element 

[0050] As a second embodiment of the invention, Fig. 5 shows, in a sectional view, a 
polarization separation device 2 having a diffractive optical element 40. Fig. 4 shows, in a 
sectional view, the process of forming the diffraction grating surface 37a of the diffractive 
optical element 40. This polarization separation device 2 is provided with a diffractive 
optical element 40 of a composite, surface-relief type produced by forming on a glass 
substrate 36 a resin layer 37 having a diffraction grating surface 37a on its surface. A liquid 
crystal layer 33 is provided contiguously with the diffraction grating surface 37a. The liquid 
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crystal layer 33 is made of nematic or smectic liquid crystal. An opposed flat plate 34 is 
provided contiguously with the liquid crystal layer 33 so that the liquid crystal layer 33 is 
sandwiched between the opposed flat plate 34 and the resin layer 37. The opposed flat plate 
34 is a transparent substrate made of resin or glass. On the liquid crystal layer 33 side 
5 surface of the opposed flat plate 34 is provided, as in the polarization separation device 1 
described previously, an orientation film 34a, which has been subjected to a rubbing process 
so that the liquid crystal molecules are oriented homogeneously along the grooves of the 
diffraction grating surface 37a. 

[0051] To form the diffraction grating surface 37a, first a UV (ultraviolet)-curing resin is 
*p 10 applied on a core metal mold 45 shown in Fig. 4, then the glass substrate 36 is placed on top 
thereof, then the glass substrate 36 is pressed so that the resin has a predetermined thickness, 
and then UV rays are applied. When the UV-curing resin has hardened, the peripheral 
portion of the glass substrate 36 is pressed with an ejector 46 so that the glass substrate 36 is 
g released. This process yields a resin layer 37, made of a UV-curing resin, that has on its 

15 surface a blazed diffraction grating surface 37a. The resin layer 37 is not formed in those 
portions, out of the entire region (A), of the surface of the glass substrate 36 where the glass 
substrate 36 makes contact with the ejector 46 when released. Thus, as shown in Fig. 5, on 
the glass substrate 36 are formed a resin-coated region (Bl) where the resin layer 37 is formed 
and a non-coated region (B2) where the resin layer 37 is not formed. 
20 [0052] Then, sealant 35 (Fig. 6) is applied on the thus obtained resin layer 37, and the 
opposed flat plate 34 is fixed. Here, the opposed flat plate 34 is so placed as not to extend 
outside the resin-coated region (Bl) of the resin layer 37 and overhang the non-coated region 
(B2) thereof Out of the resin-coated region (Bl) of the resin layer 37, the region (D) 
overlapping the liquid crystal layer 33 is restricted by the sealant 35, and thus the region (C) 



irj 
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overlapping the opposed flat plate 34 is an intermediate region between the regions (D) and 
(Bl). That is, the sizes of these regions fulfill the relation D < C < Bl < A. 
[0053] When the diffraction grating surface 37a is formed in the above-described manner, 
burrs 37b are formed simultaneously by the resin trapped in the gap between the core metal 
5 mold 45 and the ejector 46 as shown in Fig. 6 (a detail view of the encircled portion Z of Fig. 
5). Whereas the burrs 37b have heights of about 50 to 100 |j,m, the liquid crystal layer 33 
has a thickness of 30 jam or less, and preferably about several micrometers. Although the 
thickness of the liquid crystal layer 33 is controlled with spacers (not shown) having a 
thickness of about 5 to 10 |um, if the opposed flat plate 34 settles on the burrs 37b, it slants 

O 

*0 10 and floats, which makes it impossible to control the thickness of the liquid crystal layer 33. 

m 

As the liquid crystal layer 33 is made thicker, the orientation of the liquid crystal molecules 
becomes increasingly random in and around the middle portion of the liquid crystal layer 33. 
This hinders the liquid crystal layer 33 from functioning properly as an optically anisotropic 

layer (for example, it becomes clouded, or whitish). This problem can be prevented by 

til 

ii to 

IP 15 scraping off the burrs 37b so that the opposed flat plate 34 does not settle on the burrs 37b. 

M 

I s * However, the extra step added to achieve this increases the cost. Moreover, scraping off the 

burrs 37b causes fine scars on the resin layer 37. Under severe environmental conditions, 
such as an abrupt variation in temperature, such fine scars develop into cracks in the resin 
layer 37. 

20 [0054] To solve this problem, the opposed flat plate 34 is so placed as not to extend 
outside the resin-coated region (Bl) and overhang the non-coated region (B2). This 
arrangement prevents the opposed flat plate 34 from settling on burrs 37b even when there are 
any. This makes it possible to control the thickness of the liquid crystal layer 33 with the 
spacers, and thus to seal in liquid crystal in the form of a thin layer between the resin layer 37 



m 
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and the opposed flat plate 34. Moreover, there is no need to add an extra step to scrape off 
the burrs 37b. This helps avoid increasing the cost, and prevents scars on the resin layer 37 
that tend to develop into cracks. In this way, it is possible to make the polarization 
separation device 2 easy to manufacture and highly reliable. 

[0055] When, as shown in Fig. 6, the burrs 37b are left without being scraped off, they 
may chip off and cause a crack in the resin layer 37. . To prevent such chipping-off or the 
like of the burrs 37b, it is preferable that, as shown in Fig. 7, the burrs 37b be covered with a 
protective agent 38. As the protective agent 38, a flexible material, such as silicone rubber, 
is suitable. Since the burrs 37b form as a result of the UV-curing resin making contact with 
the ejector 46, no burrs form in those positions of the resin layer 37, even along the edges 
thereof, where the resin layer 37 does not make contact with the ejector 46. Where there are 
no burrs, there is no need for the protective agent 38. However, to complement the function 
of the sealant 35, it is preferable that, as shown in Fig. 8, even those portions of the resin layer 
37 along the edges thereof where there are no burrs 37b be covered with the protective agent 
38. Similarly, no burrs form in the portion of the resin layer 37, even along an edge thereof, 
around a liquid crystal injection opening 35a shown in Fig. 9 where the ejector 46 does not 
make contact with the glass substrate 36. It is advisable that, as shown in Fig. 10, this 
portion around the liquid crystal injection opening 35a be covered with a sealing agent 39. 
As the sealing agent 39, silicone rubber, a UV-curing resin, or the like is used. 
[0056] In the polarization separation device 2, the region (D) overlapping the liquid 
crystal layer 33 is the actually used region, i.e. the region through which the illumination light 
actually passes. The region outside the liquid crystal layer 33 (for example the portion 
where the sealant 35 is applied, the portion where the sealing agent 39 for sealing the liquid 
crystal injection opening 35a is applied, and the like) is the unused region, i.e. the region other 
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than the actually used region (D). In cases where a UV-curing resin or the like is used as the 
sealant 35 and the sealing agent 39, which are applied in the unused region, if light strikes the 
resin in actual use, the resin absorbs light and becomes hot, or deteriorates as a result of 
irradiation for an extended period. This may lead to lower reliability. Moreover, a 
variation in temperature causes variations in the refractive indices of the liquid crystal and the 
resin, which may lower the diffraction efficiency of the diffractive optical element 40. For 
these reasons, to prevent light from striking the unused region, it is preferable to provide a 
thin mask plate that reflects light (for example, a metal reflecting plate made of stainless steel 
or the like) to shield the illumination light from the light source. 

[0057] In the polarization separation device 2 shown in Fig. 5, as in the polarization 
separation device 1 shown in Fig. 1, to enhance polarization separation efficiency, it is 
preferable that the diffraction grating surface 37a fulfill conditional formulae (1) and (2), and 
in addition (3) or (4) noted previously. It is to be noted that, here, np represents the 
refractive index of the resin layer 37. Moreover, it is preferable that the thickness of the 
liquid crystal layer 33 be 50 \xm or less. If the thickness of the liquid crystal layer 33 is 
greater than 50 jum, it is difficult to orient the liquid crystal molecules with the orientation 
film 34a. This makes the orientation of the liquid crystal molecules in and around the 
middle portion of the liquid crystal layer 33 random, and thus makes it difficult to obtain the 
desired performance (diffraction efficiency). 

Embodiments 3 to 11: polarization separation devices 

[0058] Figs. 11 to 19 respectively show, in sectional views, the polarization separation 
devices 3 to 1 1 of a third to an eleventh embodiment of the invention. The polarization 
separation devices 3 to 1 1 are each provided with, as their essential constituent elements, a 
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first glass substrate 51 or 51 A, a second glass substrate 52 or 52A, liquid crystal 53, a 
diffractive optical element 54 or 54A, and sealant 55. Between the first glass substrate 51 or 
51 A and the second glass substrate 52 or 52A, the diffractive optical element 54 or 54A is 
disposed, and the liquid crystal 53 is sealed in. As the liquid crystal 53, nematic, smectic, or 
other liquid crystal is used. As the sealant 55, a UV-curing, thermosetting, or other resin is 
used. As the first and second glass substrates 51 or 51 A and 52 or 52A, transparent flat 
plates made of the same transparent resin (i.e. transparent resin flat plates) may be used. 
[0059] The diffractive optical element 54 or 54A is a DOE (diffractive optical element) of 



a surface-relief type (i.e. a film thickness modulation type) that is formed as a thin sheet or 
10 film of an optically substantially isotropic transparent resin, and has at least one blazed 
diffraction grating surface (d). In the polarization separation devices 3 to 7 shown in Figs, 
jfj 1 1 to 15, the diffractive optical element^ has a flat surface (f) on the first glass substrate 51 or 

51 A side thereof, and has a blazed diffraction grating surface (d) on the second glass substrate 



52 or 52 A side thereof In the polarization separation devices 8 to 11 shown in Figs. 16 to 
15 19, the diffractive optical elemental A has blazed diffraction grating surfaces (d) on both sides 
thereof. 

[0060] A diffractive optical element 54 or 54A formed as a thin sheet or film can be 
produced easily and cheaply through a resin molding process such as injection molding, and 
therefore using such a diffractive optical element helps reduce the cost of the polarization 
20 separation devices 3 to 11. Moreover, whereas the diffractive optical element 4 has one 
diffraction grating surface (d), the diffractive optical element 4A has two diffraction grating 
surfaces (d), and this makes it possible to reduce the diffraction grating height of each 
diffraction grating surface (d) of the diffractive optical element 4A to about half the 
diffraction grating height required in the diffractive optical element 4 to obtain the same 
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diffraction angle. Reducing the blaze height makes the molding of the diffraction gratings 
easier, and thus makes the diffractive optical element 4A easier to manufacture. Conversely, 
given the same diffraction grating height, the two diffraction grating surfaces (d) of the 
diffractive optical element 4A together offer twice the diffraction angle obtained with the 
diffractive optical element 4. 

[0061] It is preferable that the diffractive optical element 54 or 54A be made of, as 
described previously, a thermoplastic j^sin such as PA, PE, PS, PVC, PMMA, amorphous 
polyolefin resin, etc. As a material, a thermoplastic resin is cheaper than a UV-curing resin, 
and moreover using a thermoplastic resin as the material of the diffractive optical element 54 
or 54 A permits it to be produced by injection molding or press molding (whereby a 
diffraction grating is formed on the surface of a sheet of a thermoplastic resin with a metal 
mold pressed onto it). This helps produce the diffractive optical element 54 or 54A cheaply. 
[0062] In the third to eleventh embodiments, with the first and second glass substrates 51 
and 52 firmly fitted together by the sealant^SS^the liquid crystal 53 is sealed in between the 
first and second glass substrates 51 and 52 so as to be contiguous with the diffraction grating 
surface (d) without any gap left. On any surface of the glass substrates that faces any 
diffraction grating surface (d), an orientation film 56 (for example a polyimide orientation 
film) is provided that has been subjected to a rubbing process so that the molecules of the 
liquid crystal 53 are oriented homogeneously along the grooves of the diffraction grating 
surface (d). Specifically, to achieve homogeneous orientation of the molecules of the liquid 
crystal 53, in the polarization separation devices 3 to 7 shown in Figs. 11 to 15, the diffractive 
optical element 54 side surface of the second glass substrate 52 has been subjected to an 
orientation process, and, in the polarization separation devices 8 to 11 (shown in Figs. 16 to 
19), the diffractive optical element 54 A side surfaces of the first and second glass substrates 
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51 and 52 have been subjected to an orientation process. The layer of the liquid crystal 53 
disposed between the diffraction grating surface(s) (d) and the glass substrate surface(s) forms 
an optically anisotropic layer that is optically anisotropic uniaxially. In cases where the 
diffractive optical element 54 or 54A is disposed on the entrance side, it is also possible to use 
an orientation with such a mild twist as to barely show optical rotatory power. This does not 
sacrifice polarization separation performance as long as the direction of orientation is set 
exactly by the second glass substrate 52 disposed on the exit side. 

[0063] In the polarization separation devices 3, 6 to 8, and 10 shown in Figs. 11, 14 to 16, 
and 18, the diffractive optical element 54 or 54 A is fixed to none of the first and second glass 
substrates 51 or 51 A and 52 or 52A and the sealant 55, and is thus floating in the liquid 
crystal 53. Hence, even when a change in environmental conditions (such as a variation in 
temperature) causes the diffractive optical element 54 or 54A to expand, contract, or warp, 
this does not affect the other constituent elements, and thus it is possible to maintain high 
reliability. To stabilize the position of the diffractive optical element 54 or 54A relative to 
the first and second glass substrates 51 or 51 A and 52 or 52A, spacers (about 5 to 10 |j,m 
thick) may be inserted between the first glass substrate 51 or 51 A or the second glass 
substrate 52 or 52A and the diffractive optical element 54 or 54A. 

[0064] In the polarization separation device 4 shown in Fig. 12, the diffractive optical 
element 54 is, on the flat surface (f) side thereof, bonded to the first glass substrate 51. The 
diffractive optical element 54 is bonded to the first glass substrate 51 with adhesive 57, of 
which the thickness is about several tens of micrometers, and preferably about 20 jam. 
Fixing the diffractive optical element 54 to the first glass substrate 51 in this way helps 
stabilize the position of the diffractive optical element 54, and thus makes the handling 
thereof in the manufacturing process easy. Even when the diffractive optical element 54 is 
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fixed to the first glass substrate 51, the effect of the difference between fheir linear expansion 
coefficients is alleviated by the deformation of the adhesive 57 that accompanies the 
expansion or contraction of the first glass substrate 51 and the diffractive optical element 54, 
and is thus negligible. In addition, it is possible to save so much liquid crystal 53 as 
corresponds to the space occupied by the adhesive 57. The adhesive 57 may be of a sheet or 
liquid type, and may be applied to the whole or part of the flat surface (f). 
[0065] In the polarization separation devices 5, 9, and 11 shown in Figs. 13, 17, and 19, 
the diffractive optical element 54 or 54A and the first and second glass substrates 51 and 52 or 
52A are firmly fitted together by the sealant 55. Firmly fitting together the diffractive 
optical element 54 or 54A and the first and second glass substrates 51 and 52 or 52A with the 
sealant 55 helps stabilize the position of the diffractive optical element 54 or 54 A and thereby 
prevent undulation thereof, and thus helps enhance the reliability of the polarization 
separation devices 5, 9, and 11. 

[0066] In the polarization separation devices 5, 9, and 11, the diffractive optical element 
54 or 54 A is firmly fitted along two opposite sides thereof; however, it may be fitted along all 
sides or only one side thereof, or at one point or at two or more points along one side, or at 
one point or at two or more points along each of two or more sides. In cases where the 
fitting is achieved at one point or at two or more points per side, when the sealant 55 is 
applied to the first or second glass substrate 51, or 52 or 52A, it is applied in such a way that 
portions of the sealant 55 protrude toward the center of the glass substrate 51, or 52 or 52A, 
and then the diffractive optical element 54 or 54A is placed on those protruding portions of 
the sealant 55. In cases where the diffractive optical element 54 or 54A is fitted along only 
one side thereof, even when a change in environmental conditions causes the diffractive 
optical element 54 or 54 A to expand or contract, this does not affect the sealant 55, because 
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the opposite side is not fixed, and thus it is possible to achieve high reliability. 
[0067] In the polarization separation devices 6, 7, 10, and 11 shown in Figs. 14, 15, 18, 
and 19, on the surface of the first glass substrate 51 A or the second glass substrate 52 A 
opposite to the diffractive optical element 54 or 54A, a first lensj uray 5 1M or 52M having a 
5 plurality oftens cells for separating the incident light is formed as part of an integrator. The 
first lens array 51M or 52M is composed of rectangular lens cells, geometrically similar to the 
liquid crystal panel 69 (Fig. 23) described later, arranged in a two-dimensional array. These 
lens cells image the light beams that pass therethrough in such a way that all those light 
beams are superimposed on one another on the liquid crystal panel 69, and in this way the 
10 liquid crystal ganel_69 is illuminated uniformly. By forming the first or second glass 
substrate 51A or 52A integrally with the first lens array 51M or 52M, it is possible to omit 
^ne^la^s^subs^ate and thereby reduce the cost. In addition, this also helps reduce the 
number of reflecting surfaces, and thus the number of anti-reflection coatings to be applied 
thereto, specifically by two, and thereby enhance light use efficiency and further reduce the 



jfl 15 cost. 
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[0068] The liquid crystal 53 sealed in between the first and second glass substrates 5 1 or 
51 A and 52 or 52A is a birefringent material that is optically anisotropic, and thus exhibits 
different refractive indices to ordinary and extraordinary light. Accordingly, the diffracting 
effect exerted by the diffraction grating surface (d), which is disposed at the boundary 
20 between the liquid crystal and the diffractive optical element 54 or 54A, which is optically 
substantially isotropic, acts differently upon ordinary and extraordinary light. In the 
polarization separation devices 3 to 11 of the third to eleventh embodiments, the materials 
used are so selected that the refractive index of the liquid crystal for either ordinary or 
extraordinary light is equal to the refractive index of the diffractive optical element 54 or 54A. 
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For example, when the refractive index of the liquid crystal 53 for ordinary light is set equal 
to the refractive index of the diffractive optical element 54 or 54A, ordinary light is 
transmitted through the diffraction grating surface (d) without being acted upon by the 
diffracting effect thereof, and extraordinary light is deflected by being acted upon by the 
diffracting effect exerted by the diffraction grating surface (d). By contrast, when the 
refractive index of the liquid crystal 53 for extraordinary light is set equal to the refractive 
index of the diffractive optical element 54 or 54A, extraordinary light is transmitted through 
the diffraction grating surface (d) without being acted upon by the diffracting effect thereof, 
and ordinary light is deflected by being acted upon by the diffracting effect exerted by the 
diffraction grating surface (d). 

[0069] As described previously in connection with the first and second embodiments, 
disposing the liquid crystal 53 and the diffraction grating surface (d) contiguously makes it 
possible to separate the illumination light incident thereon into two linearly polarized light 
components having mutually perpendicular polarization planes, i.e. a transmitted light 
component (L0) and a diffracted light component (LI). In addition, using the "blazed" 
diffraction grating surface (d) helps achieve high diffraction efficiency. The higher the 
diffraction efficiency obtained on the diffraction grating surface (d), the higher the 
polarization conversion efficiency achieved, and thus the higher the light use efficiency 
achieved. In the polarization separation devices 3 to 11, the surfaces to which to apply anti- 
reflection coatings or the like are glass surfaces, and therefore it is possible to obtain highly 
reliable anti-reflection coatings easily (as compared with plastic surfaces). 
[0070] Here also, to achieve polarization separation of illumination light by the use of the 
polarization separation devices 3 to 11, the illumination light may be introduced thereto from 
either side thereof, i.e. either from the first glass substrate 51 or 51 A side or the second glass 
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substrate 52 or 52A side thereof. However, with the polarization separation devices 3 to 7, 
in which the diffractive optical element 54 has a flat surface (f) on one side, it is preferable to 
introduce the illumination light from the first glass substrate 51 or 51 A side. This is because, 
if the illumination light is introduced from the second glass substrate 52 or 52A side, the 
liquid crystal 53 or the adhesive 57 disposed between the flat surface (f) and the first glass 
substrate 51 or 51 A disturbs the polarization of the light that has just undergone polarization 
separation. It is preferable to make the liquid crystal 53 or the adhesive 57 disposed between 
the flat surface (f) and the first glass substrate 51 or 51 A as thin as possible. This is because, 
even when the illumination light is introduced from the first glass substrate 51 or 51 A side, 
the liquid crystal 53 or the adhesive 57, if made thick, disperses light and thereby lowers 
efficiency. 

[0071] It is preferable that the optical members that are disposed on the exit side of the 
diffraction grating surface (d) be made appropriately thin. Since the illumination light that is 
incident on the polarization separation devices 3 to 1 1 is unpolarized, even if its polarization 
is disturbed until it reaches the diffraction grating surface (d), basically no problem results; 
however, if the polarization of the illumination light is disturbed in an optical member 
through which it passes after it has undergone polarization separation on the diffraction 
grating surface (d), polarization separation efficiency lowers, which makes it impossible to 
obtain the desired performance. One of the causes of such disturbance of polarization is the 
birefringence of an optical member. Even when an optical member is formed as a 
transparent member made of a material that is optically substantially isotropic, as the optical 
member is made thicker, it exerts a stronger effect of birefringence, which makes disturbance 
of polarization more likely. Making an optical member thin reduces the effect of its 
birefringence, and thus helps suppress disturbance of polarization. In addition, making an 
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optical member thin also offers the advantage of higher transmission efficiency. 
[0072] For these reasons, as described previously, the sum of the thicknesses of the 
optical members disposed on the exit side of the diffraction grating surface (d) is typically 0. 1 
to several millimeters, preferably 0.5 to 1mm, and further preferably about 1 mm. Since the 
5 first and second glass substrates 51 or 51 A and 52 or 52A account for most of the thickness of 
any of the polarization separation devices 3 to 11, the thickness of each of the glass substrates 
51 or 51 A and 52 or 52 A is typically 0.1 to several millimeters, preferably 0.5 to 1mm, and 
further preferably about 1 mm. The thickness of the diffractive optical element 54 or 54A is 
typically 10 to 200 jam, and preferably 10 to 100 jam. Making the diffractive optical element 

10 54 or 54A thinner than any of the glass substrates 51 or 51 A and 52 or 52A in this way is 
advantageous in preventing disturbance of polarization caused by the effect of birefringence 
as described above, and is thus advantageous in the resin molding process described 
previously. The thickness of the liquid crystal 53 disposed between the diffraction grating 
surface (d) and the orientation film 56 is typically 50 |am or less, preferably 1 to 30 |ttm, and 

15 further preferably several micrometers to 20 jam. If the thickness of the liquid crystal 53 is 
greater than 50 |um, it is difficult to orient the molecules of the liquid crystal 53 with the 
orientation film 56. This makes the orientation of the liquid crystal molecules in and around 
the middle portion of the layer of the liquid crystal 53 random, and thus makes it difficult to 
obtain the desired performance (diffraction efficiency). 

20 [0073] It is preferable that the diffraction grating surface (d) fulfill conditional formulae 
(1) and (2), and in addition (3) or (4) noted previously. As described previously, fulfilling 
these conditional formulae (for example, np = 1.52, no = 1.52, ne = 1.71, and An = 0.2) helps 
enhance polarization separation efficiency, and makes the formation of the diffraction grating 
surface (d) easy. It is to be noted that here, 
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ne 



represents the refractive index of the diffractive optical element 54 or 54A; 
represents the refractive index for ordinary light of the liquid crystal 53; and 
represents the refractive index for extraordinary light of the liquid crystal 53. 



[0074] It is preferable that the diffraction grating surface (d) additionally fulfill 
conditional formula (5) noted previously with respect to its grating pitch D. When one of 
the polarization separation devices 3 to 1 1 is used in an illumination optical system, fulfilling 
conditional formula (5) permits a compact layout and simultaneously ensures high 
polarization separation efficiency. 

Embodiments 12 to 14: illumination optical systems 

[0075] As a twelfth embodiment of the invention, the optical construction of an 
iUumiiiati^ provided with one of the polarization separation devices 1 to 5, 8, 

and 9 of the first to fifth, eighth, and ninth embodiments is shown in Figs. 20 and 21, which 
are, respectively, a sectional view along the plane of the color separation optical paths (i.e. as 
seen from above) and a sectional view along the plane of the polarization conversion optical 
paths (i.e. as seen from the side). This^llumination optical system 12 is designed for use in a 
liquid crystal projector to illuminate a liquid crystal panel 69, and is provided with, in the 
order of arrangement along the optical path, a lamp 60, a UV (ultraviolet)/IR (infrared) cut 
filter 61, an integrator rod 62, a polarization separation device (one of 1 to 5, 8, and 9), a color 
separation hologram 63, a condenser lens 64, relay lenses 65, a half-wave plate 66, a trimming 
filter 67, and a field lens 68. 

[0076] The lamp 60 is composed of a light source 60a for emitting illumination light and 
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an elliptic mirror 60b for condensing the illumination light emitted from the light source 60a. 
The illumination light emitted from the light source 60a passes through the UV/IR cut filter 
61 . The provision of the UV/IR cut filter 61 is optional. By disposing the UV/IR cut filter 

61 between the light source 60a and the polarization separation device (one of 1 to 5, 8, and 9), 
it is possible to shield ultraviolet and infrared rays, i.e. components of light other than the 
necessary visible light, and thereby enhance the light and heat resistance, and thus the 
reliability, of the polarization separation device (one of 1 to 5, 8, and 9). 

[0077] The illumination light that has passed through the UV/IR cut filter 61 then enters 
the integrator rod 62 of a kaleidoscope type. The integrator rod 62 is a solid polygonal prism 
made of glass, or a hollow polygonal prism composed of a plurality of mirrors combined 
together. The illumination light that has entered the integrator rod 62 is reflected repeatedly 
on the side surfaces thereof, and thereby the spatial energy distribution (i.e. illuminance 
distribution) of the illumination light is made uniform. The exit-side end surface of the 
integrator rod 62 is located to be conjugate with the display surface of the liquid crystal panel 
69, and this makes it possible to illuminate the display surface of the liquid crystal panel 69 
efficiently and uniformly. 

[0078] The illumination light that has exited from the integrator rod 62 then enters the 
polarization separation device (one of 1 to 5, 8, and 9). The polarization separation device 
(one of 1 to 5, 8, and 9) separates the illumination light that has exitedjfcam the integrator rod 

62 into P-polarized and S-polarized light components that have mutually perpendicular 
polarization planes. Through this polarization separation, the P-polarized light component is 
transmitted intact through the polarization separation device (one of 1 to 5, 8, and 9) without 
being diffracted by the diffraction grating surface (d), and the S-polarized light component is 
deflected by being diffracted by the diffraction grating surface (d). As a result of this 
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polarization separation, the P- and S-polarized light components are imaged (i.e. made to 
form the image of the light source) at different spots that are apart from each other in a 
direction perpendicular to the optical axis. The P- and S-polarized light components that 
have exited from the polarization separation device (one of 1 to 5, 8, and 9) are then subjected 
5 to color separation by the color separation hologram 63 so that the components of different 
colors R, G, and B thereof exit from the color separation hologram 63 at different angles and 
then enter the condenser lens 64 so as to be condensed. Here, color separation may be 
achieved by the use of, instead of the color separation hologram 63, a diffractive optical 
device of any other type (for example, a surface-relief type), a color wheel, a dichroic mirror, 
10 or the like. 

[0079] The illumination light that has passed through the condenser lens 64 then enters 

the relay lenses 65. The two relay lenses 65 relay the illumination light in such a way that 

the exit-side end surface of the integrator rod 62 is conjugate with the display surface of the 

liquid crystal panel 69. In the vicinity of the aperture stop position of the relay lenses 65 (or 

ffl 15 in the vicinity of the position conjugate with the aperture stop), the half- wave plate 66 is 
P 

l™ disposed, as a polarization plane rotating means, to permit only the S-polarized light 

component to enter it. In the vicinity of the aperture stop position of the relay lenses 65, the 
S-polarized and P-polarized light components are imaged at different spots that are apart from 
each other, and this makes it possible to permit only the S-polarized light component to enter 
20 the half-wave plate 66. The half-wave plate 66 rotates the polarization plane of the S- 
polarized light component through about 90° so that the light that exits from the relay lenses 
65 is uniformly polarized. Through this rotation of the polarization plane, the S-polarized 
light component is converted into P-polarized light, and thus the whole illumination light 
becomes uniformly P-polarized. By using a half-wave plate 66 as a polarization plane 
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rotating means in this way, it is possible to achieve rotation of a polarization plane cheaply. 
[0080] The illumination light, now uniformly P-polarized, passes through, in addition to 
the relay lenses 65, the trimming filter 67 for enhancing color purity and the field lens 68 for 
condensation, and then illuminates the liquid crystal panel 69, which is a spatial light 
modulation device. The liquid crystal panel 69 has a polarizer (not shown) so arranged as to 
transmit the P-polarized light component, and therefore almost no light is lost through the 
polarizer. This makes it possible to illuminate the liquid crystal panel 69 with high light use 
efficiency. Moreover, the R, G, and B components of the illumination light strike the liquid 
crystal panel 69 from different angles, and are directed by a microlens array (such as shown in 
Fig. 48) disposed on the illumination light entrance side of the liquid crystal panel 69 so as to 
illuminate pixels of the corresponding colors R, G, and B. This makes it possible to achieve 
full-color display with a single panel. Since full-color display is possible as long as light 
components of different colors enter the microlens array of the liquid crystal panel 69 at 
different angles, it is possible to achieve similar illumination by performing color separation 
by the use of three dichroic surfaces instead of the color separation hologram 63 . 
[0081] Since the polarization separation device (one of 1 to 5, 8, and 9) exhibits little 
dependence on the angle of incidence, it performs polarization separation with high efficiency 
even on light that enters it at a large angle of incidence. High polarization conversion 
efficiency helps achieve high light use efficiency, and thus it is possible to illuminate the 
liquid crystal panel 69 brightly. Moreover, combining the polarization separation device 
(one of 1 to 5, 8, and 9) with the half-wave plate 66 makes it possible to achieve polarization 
conversion cheaply. By contrast, a polarization separation means, such as a PBS (polarizing 
beam splitter), that exhibits much dependence on the angle of incidence does not match well 
with the integrator rod 62, which makes the illumination light exit therefrom at a large angle. 
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Thus, combining a PBS with the integrator rod 62 makes it difficult to perform polarization 
separation with high efficiency. Low polarization separation efficiency leads to low 
polarization conversion efficiency, and thus it is impossible to improve light use efficiency. 
[0082] In a display device of a single panel type that employs a reflective liquid crystal 
panel capable of being driven at high speed, polarization conversion is particularly necessary 
to secure brightness. On the other hand, in a display device that adopts a color sequential 
method (in which colors R, G, and B are switched sequentially by the use of a color wheel or 
the like), a light-condensing portion, like the exit of the integrator rod 62, is necessary to 
arrange the color wheel. A combination of an integrator rod 62 and a polarization separation 
device (one of 1 to 5, 8, and 9), like that shown in Fig. 20, makes it possible to realize a 
compact construction that offers sufficient brightness and that permits adoption of a color 
sequential method. 

[0083] As a thirteenth embodiment of the invention, Fig. 22 shows the optical 
construction of an illumination optical system that performs polarization cQaversion_in_a 
djfferent^nan^r than is shown in Fig. 21, in a sectional view along the plane of the 
polarization conversion optical paths (i.e. as seen from the side). This illumination optical 
system 13 differs from the illumination optical system 12 shown in Fig. 21 only in that the 
polarization separation angle achieved by the polarization separation device (one of 1 to 5, 8, 
and 9) is larger (that is, the diffraction angle due to the diffraction grating surface (d) is larger), 
and that the half-wave plate 66 is disposed accordingly. Thus, the sectional view of this 



illumination optical system 13 along the plane of the color separation optical paths (i.e. as 
seen from above) is the same as the sectional view shown in Fig. 20. As the diffraction 
grating pitch is made smaller, the diffraction angle of the diffraction grating surface (d) 
becomes larger, and thus the whole S-polarized light component is deflected at a larger 
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polarization separation angle. This helps increase flexibility in arranging the constituent 
members of the illumination optical system 13. 

[0084] As a fourteenth embodiment of the invention, Fig. 23 schematically shows the 
optical construction of an illumination optical system 14 having an integrator of a lens array 
5 type, in a sectional view along the plane of the polarization conversion optical paths. Fig. 24 
shows, in a sectional view, the polarization conversion portion of this illumination optical 
system 14. This illumination optical system 14 is designed for use in a liquid crystal 
projector to illuminate a liquid crystal panel 69, and is provided with, in the order of 
arrangement along the optical path, a lamp 60, a UV/IR cut filter 61 (Fig. 24), a polarization 
10 separation device (one of 1 to 5, 8, and 9), a first lens array 71, a half- wave plate 66, a second 
lens array 72, and a field lens 68 (Fig. 23). Reference numeral 70 in Fig. 23 represents a 



projection lens for projecting the image displayed on the liquid crystal panel 69 onto the 



surface of a screen. 

[0085] The lamp 60 is composed of a light source 60a for emitting illumination light and 
15 a paraboloidal mirror 60c for forming the illumination light emitted from the light source 60a 
into a substantially parallel beam. The illumination light emitted from the light source 60a 
passes through the UV/IR cut filter 61, and then enters the polarization separation device (one 
of 1 to 5, 8, and 9), where the illumination light is separated into P-polarized and S-polarized 
light components that have mutually perpendicular polarization planes. In Figs. 23 and 24, 
20 solid lines represent the P-polarized light component (of which the electric vector vibrates 
parallel to the plane of the figures) and broken lines represent the S-polarized light component 
(of which the electric vector vibrates perpendicularly to the plane of the figures). Through 
this polarization separation, the P-polarized light component is transmitted intact through the 
polarization separation device (one of 1 to 5, 8, and 9) without being diffracted by the 
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diffraction grating surface (d), and the S-polarized light component is deflected by being 
diffracted by the diffraction grating surface (d). As a result of this polarization separation, 
the P- and S-polarized light components are imaged (i.e. made to form the image of the light 
source) at different spots that are apart from each other in a direction perpendicular to the 
optical axis. 

[0086] The P- and S-polarized light components that have exited from the polarization 
separation device (one of 1 to 5, 8, and 9) then enter the first lens array 71 disposed in the 
vicinity of the polarization separation device (one of 1 to 5, 8, and 9). The first lens array 71 
is composed of a plurality of rectangular lens cells, geometrically similar to the liquid crystal 
panel 69, arranged in a two-dimensional array, and separates the light incident thereon with 
those lens cells. The first lens array 71 forms a plurality of light source images on the 
second lens array 72 having an array structure similar to that of the first lens array 71. The 
individual lens cells of the first lens array 71 are conjugate with the liquid crystal panel 69 
through the individual lens cells of the second lens array 72. This makes the spatial energy 
distribution of the illumination light uniform, and thereby makes it possible to illuminate the 
liquid crystal panel 69 efficiently and uniformly. 

[0087] In the vicinity of the second lens array 72 (or in the vicinity of the position 
conjugate therewith), the half-wave plate 66 is disposed, as a polarization plane rotating 
means, to permit only the S-polarized light component to enter it. In the vicinity of the 
second lens array 72, the S-polarized and P-polarized light components are imaged at 
different spots that are apart from each other, and this makes it possible to permit only the S- 
polarized light component to enter the half-wave plate 66. The half-wave plate 66 rotates 
the polarization plane of the S-polarized light component through about 90° so that the light 
that exits from the relay lenses second lens array 72 is uniformly polarized. Through this 
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rotation of the polarization plane, the S-polarized light component is converted into P- 
polarized light, and thus the whole illumination light becomes uniformly P-polarized. By 
using a half-wave plate 66 as a polarization plane rotating means in this way, it is possible to 
achieve rotation of a polarization plane cheaply. 

[0088] In the illumination optical systems shown in Figs. 23 and 24, instead of the 
polarization separation device (one of 1 to 5, 8, and 9) and the first lens array 71, it is also 
possible to use one of the polarization separation devices (6, 7, 10, and 11) described 
previously. These polarization separation devices (6, 7, 10, and 11) have the first or second 
glass substrate (51 or 52) and the first lens array 71 formed integrally. This integration helps 
omit one glass plate and thereby reduce the cost. In addition, it is also possible to reduce the 
number of reflecting surfaces, and thus the number of anti-reflection coatings to be applied 
thereto, specifically by two, and thereby enhance light use efficiency and further reduce the 
cost. 

Embodiments 15 and 16: blazed grating devices 

[0089] Figs. 25 and 26 schematically show the basic structures of the blazed grating 
devices of a fifteenth and a sixteenth embodiment, respectively, of the present invention. Fig. 
25 shows a most simply structured blazed grating device 15, with^ablazed gratingj82 formed 
on the surface of a transparent substrate 81 having the shape of a flat plate and a separation 
coating 83 formed on top of the blazed grating 82. The transparent substrate 81 is formed 
out of, for example, resin or glass. 

[0090] When the blazed grating 82 is so shaped that the difference in height between its 
peaks and troughs is about equal to the wavelength of light, the blazed grating 82 functions as 
a diffraction grating, and thus the blazed grating device 15 functions as a diffraction grating 
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device. When the blazed grating 82 is so shaped that the difference in height between its 
peaks and troughs is several times or more as great as the wavelength of light, the blazed 
grating 82 functions as a Fresnel lens surface, and thus the blazed grating device 15 functions 
as a Fresnel lens or a powered thin mirror. 

[0091] Fig. 26 shows a blazed grating device 16 that additionally has a transparent 
member 84 having the shape of ajlat plate and kept in intimate contact with the blazed 
grating 82 with the separation coating 83 sandwiched in between. The transparent member 
84 also is formed out of resin or glass. The transparent substrate 81 and the transparent 
member 84 may be formed out of the same material, or may be formed out of different 
materials. In the blazed grating device 16, protection is provided for the blazed grating 82 
and the separation coating 83. 

[0092] The separation coating 83 reflects or transmits the light incident thereon according 
to the properties of the light. Examples of the properties of the incident light include the 
wavelength, the direction of the polarization plane (for linearly polarized light), the direction 
of rotation (for circularly polarized light), the angle of incidence relative to the separation 
coating 83, etc. 

[0093] In the blazed grating device 15, the blazed grating 82 acts on both the light 
transmitted through the separation coating 83 and the light reflected from the separation 
coating 83. That is, the blazed grating 82 diffracts or refracts the light transmitted, and 
diffracts, or reflects at an angle of reflection different from the angle of incidence, the light 
reflected. 

[0094] In the blazed grating device 16, if the transparent substrate 81 and the transparent 
member 84 have different refractive indices, the blazed grating 82, just as in the blazed 
grating device 15, acts on both the light transmitted through the separation coating 83 and the 
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light reflected from the separation coating 83. On the other hand, if the transparent substrate 
81 and the transparent member 84 have equal refractive indices, the blazed grating 82 acts 
only on the light reflected; that is, the blazed grating device 16 simply acts as a transparent 
plane-parallel plate to the light transmitted. 

Embodiments 17 to 22: diflfractive optical devices 

[0095] Hereinafter, examples will be described in which the blazed grating device 16 is 
employed as a diffractive optical device. Fig. 27 schematically shows the structure of the 
optical device 17 of a seventeenth embodiment of the invention and its action on light. The 
optical device 17 is provided with a PBS film 83a as the separation coating 83. The PBS 
film 83a is so formed as to transmit P-polarized light and reflect S-polarized light. The 
transparent substrate 81 and the transparent member 84 both have a refractive index of 1.62, 
and the blazed grating 82 has a blazing angle (the angle that the individual blaze surfaces 82a 
form with the plane of the blazed grating as a whole) of 30°. 

[0096] When in use, the optical device 17 is so arranged that light is incident on the 
transparent substrate 81 at an angle of incidence of 25°. The light that has entered the 
transparent substrate 81 at an angle of incidence of 25° is refracted so as to be incident on the 
blaze surfaces 82a at an angle of incidence of 45°. Out of the light that has struck the blaze 
surfaces 82a, the polarized light component that is P-polarized with respect to the PBS film 
83a is transmitted through the PBS film 83a, is then transmitted through the transparent 
member 84, and exits from the optical device 17. This light then travels along an optical 
path that is parallel to but slightly deviated from the optical path of the light before its 
entrance into the optical device 17. 

[0097] The polarized light component that is S-polarized with respect to the PBS film 83a 
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is reflected from the PBS film 83a, and is then diffracted by the blazed grating 82. The light 
thus reflected and diffracted strikes the surface 81a of the transparent substrate 81 at an angle 
of incidence greater than the critical angle, and is thus totally reflected therefrom. Most of 
the light thus totally reflected from the surface 81a is then reflected from the blaze surfaces 
5 82a, and the remainder of the light, which is transmitted between adjacent blaze surfaces 82a, 
is then totally reflected from the surface 84a of the transparent member 84. These light 
beams are then reflected repeatedly from the surface 81a of the transparent substrate 81, from 
the blaze surfaces 82a, and from the surface 84a of the transparent member 84 until they 
eventually reach the end surface of the optical device 17 and exit from the optical device 17 



\Q 10 through the end surface. 



[0098] With this optical device 17, it is possible to extract the polarized light component 
that is P-polarized with respect to the PBS film 83a with almost no change in its travel path, 
and direct the polarized light component that is S-polarized with respect to the PBS film 83a 
in an utterly different direction so as to be discarded. Moreover, since the optical device 17 



if. 15 does not absorb heat, it does not become hot. 



[0099] Table 2 shows the film configuration of the PBS film 83a, and Fig. 28 shows the 
relationship between its transmittance and the wavelength of the light incident thereon at an 
angle of incidence of 45°, plotted separately for P-polarized and S-polarized light. In Table 
2, the layer numbered 0 is the transparent substrate 81, and the layer numbered 18 is the 
20 transparent member 84. The optical film thicknesses are given with respect to a reference 
wavelength of 745 nm. 

TABLE 2 

Configuration of PBS Film 83a 
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Layer 


Refractive 
Index 


Optical Film 
Thickness 


Layer 


Refractive 
Index 


Optical Film 
Thickness 


18 


1.62 




17 


1.62 


0.125 


16 


1.385 


0.125 


15 


2.05 


0.25 


14 


1.385 


0.25 


13 


2.05 


0.25 


12 


1.385 


0.25 


11 


2.05 


0.25 


10 


1.385 


0.25 


9 


2.05 


0.25 


8 


1.385 


0.25 


7 


2.05 


0.25 


6 


1.385 


0.25 


5 


2.05 


0.25 


4 


1.385 


0.25 


3 


2.05 


0.25 


2 


1.385 


0.125 


1 


1.62 


0.125 


0 


1.62 











[0100] Fig. 29 shows a case in which the optical device 17 is used as an illumination 
optical system for a reflective LCD. The optical device 17 is arranged at 25° relative to the 
LCD 91, and a linear light source 101 is arranged in the vicinity of the end surface of the 
optical device 17. The light source 101 emits unpolarized light. The light emitted from the 
light source 101 enters the optical device 17 through its end surface, and then travels inside 
the optical device 17 by being totally reflected. Out of the light that travels inside the optical 
device 17, the polarized light component that is S-polarized with respect to the PBS film 83a 
is reflected from the PBS film 83a, and thereby has its angle of incidence with respect to the 
surface 81a of the transparent substrate 81 changed gradually until, when the angle of 
incidence becomes smaller than the critical angle, eventually transmitted through the surface 
81a. The light transmitted through the surface 81a then strikes, as illumination light, the 
LCD 91 at an angle of incidence of approximately 90°. 
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[0101] The LCD 91 is controlled in such a way that a linearly polarized light component 
whose polarization plane has been rotated through 90° by modulation represents an image. 
The light modulated by and reflected from the LCD 91 enters the transparent substrate 81 at 
an angle of incidence of approximately 25°. Out of the light that has entered the optical 
device 17, the polarized light component that represents the image is P-polarized with respect 
to the PBS film 83a, and is thus transmitted through the PBS film 83a so as to exit from the 
optical device 17 through the transparent member 84. On the other hand, the other polarized 
light component is S-polarized with respect to the PBS film 83a, and is thus reflected from the 
PBS film 83a so as to travel toward the end surface of the optical device 17 by being totally 
reflected as described above and eventually exit from the optical device 17 toward the light 
source 101. 

[0102] The distance, as measured in the direction perpendicular to the LCD 91, of the 
space occupied by the optical device 17 is 0.47 (tan 25°) times as great as the beam width of 
the light reflected from the LCD 91, i.e. less than half of the corresponding distance required 
by a conventional PBS prism. In an image display apparatus of a projection type that 
projects light representing an image onto a screen, this helps greatly reduce the back-focal 
length of a projection optical system and thereby make the projection optical system compact. 
[0103] Fig. 30 schematically shows the structure of the optical device 18 of an eighteenth 
embodiment of the invention and its action on light. This optical device 18 is provided with 
a PBS film 83b as the separation coating 83. Here, contrary to the seventeenth embodiment, 
the PBS film 83b is so formed as to reflect P-polarized light and transmit S-polarized light. 
The transparent substrate 8 1 and the transparent member 84 both have a refractive index of 
1.87, and the blazed grating 82 has a blazing angle of 60°. 

[0104] When in use, the optical device 18 can be arranged in such a way that light enters 
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the transparent substrate 81 at an angle of incidence of 0°. The light that has entered the 
transparent substrate 81 then travels straight and strikes the blaze surfaces 82a at an angle of 
incidence of 60°. Out of the light that has struck the blaze surfaces 82a, the polarized light 
component that is S-polarized with respect to the PBS film 83b is transmitted through the 
PBS film 83b, is then transmitted through the transparent member 84, and exits from the 
optical device 18. This light then travels along an extension line of the optical path of the 
light before its entrance into the optical device 18. 

[0105] The polarized light component that is P-polarized with respect to the PBS film 
83b is reflected from the PBS film 83b, and is diffracted by the blazed grating 82. The light 
thus reflected and diffracted strikes the surface 84a of the transparent member 84 at an angle 
of incidence greater than the critical angle, and is thus totally reflected so as to eventually 
reach the end surface of the optical device 1 8 and exit from the optical device 1 8 through the 
end surface as in the seventeenth embodiment. 

[0106] Table 3 shows the film configuration of the PBS film 83b, and Fig. 31 shows the 
relationship between its transmittance and the wavelength of the light incident thereon at an 
angle of incidence of 60°, plotted separately for P-polarized and S-polarized light. In Table 
3, the layer numbered 0 is the transparent substrate 81, and the layer numbered 26 is the 
transparent member 84. The optical film thicknesses are given with respect to a reference 
wavelength of 280 nm. 



TABLE 3 



Configuration of PBS Film 83b 



Layer Refractive Optical Film 
Index Thickness 



Layer Refractive Optical Film 
Index Thickness 



26 



1.87 



25 



1.385 



0.125 
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24 


2.3 


0.25 


23 


1.385 


0.25 


22 


2.3 


0.25 


21 


1.385 


0.25 


20 


2.3 


0.25 


19 


1.385 


0.25 


18 


2.3 


0.25 


17 


1.385 


0.25 


16 


2.3 


0.25 


15 


1.385 


0.25 


14 


2.3 


0.25 


13 


1.385 


0.25 


12 


2.3 


0.25 


11 


1.385 


0.25 


10 


2.3 


0.25 


9 


1.385 


0.25 


8 


2.3 


0.25 


7 


1.385 


0.25 


6 


2.3 


0.25 


5 


1.385 


0.25 


4 


2.3 


0.25 


3 


1.385 


0.25 


2 


2.3 


0.25 


1 


1.385 


0.125 


0 


1.87 











[0107] Like the optical device 17 of the seventeenth embodiment, the optical device 18 
can be used as an illumination optical system for a reflective LCD. In that case, since the 
optical device 18 can be arranged parallel to the LCD, the distance required in the direction 
perpendicular to the LCD to arrange the optical device 1 8 is very short. 

[0108] Fig. 32 shows a case in which the optical device 18 is used as an illumination 
optical system for a transmissive LCD and as an optical system for selectively extracting light 
that represents an image. Two optical devices 18 are arranged respectively in front of and 
behind the LCD 92, and the light from a light source is shone on one of the optical devices 1 8 
from the direction substantially perpendicular thereto. Out of the light that has entered the 
optical device 18, the polarized light component that is S-polarized with respect to the PBS 
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film 83b is transmitted through the optical device 18, and then strikes, as illumination light, 
the LCD 92 at an angle of 90°. On the other hand, the polarized light component that is P- 
polarized with respect to the PBS film 83b is reflected so as to travel inside the optical device 
18, by being totally reflected, and eventually reach the end surface. On the end surface of 
the optical device 18 is fitted a light-absorbing member 85, which absorbs the light that has 
reached the end surface. 

[0109] The LCD 92 is controlled in such a way that a linearly polarized light component 
whose polarization plane has not been rotated by modulation represents an image. The light 
transmitted through the LCD 92 enters the other optical device 18, and the polarized light 
component that is S-polarized with respect to the PBS film 83b is transmitted through the 
optical device 18. The polarized light component whose polarization plane has been rotated 
by 90° by modulation and which has thus turned into P-polarized light with respect to the PBS 
film 83b is reflected so as to travel inside the optical device 18, by being totally reflected, and 
eventually reach the end surface, where the light is absorbed by an light-absorbing member 85. 
[0110] Conventionally, a polarizing plate is used to illuminate a transmissive LCD and to 
extract light that represents an image. By using the optical device 18 instead of a polarizing 
plate, it is possible to obtain higher transmittance and thus bright images. Moreover, unlike 
a polarizing plate, the optical device 18 does not become hot, and therefore causes no ill effect 
on the LCD. 

[0111] Fig. 33 schematically shows the structure of the optical device 19 of a nineteenth 
embodiment of the invention and its action on light. This optical device 19 is obtained by 
forming another blazed grating 82 on the surface of the transparent member 84 of the optical 
device 18 of the eighteenth embodiment, then providing another PBS film 83b as the 
separation coating 83 on top thereof, and then placing another transparent member 84 that is 
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kept in close contact with the transparent member 84 with the PBS film 83b sandwiched in 
between. That is, the optical device 19 is structured as if two optical devices 18 are 
superposed on each other. Here, however, the blaze surfaces 82a of the two blazed gratings 
12 are slanted in opposite directions. 

[0112] In this structure, even if there is light that is transmitted directly between adjacent 
blaze surfaces 82a of one of the blazed gratings 82, that light can be separated with the PBS 
film 83b formed on the other blazed grating 82. This helps prevent angle-of-incidence- 
dependent lowering of separation efficiency and thereby increase flexibility in the angle at 
which the optical device 19 is arranged relative to the light to be separated. 
[0113] Fig. 34 schematically shows the structure of the optical device 20 of a twentieth 
embodiment of the invention and its action on light. Like the optical device 19 of the 
nineteenth embodiment, this optical device 20 is provided with two sets of a blazed grating 82 
and a separation coating 83 . The blazed surfaces of the two blazed gratings 82 are slanted in 
opposite directions, and the blazing angle of the individual blazed surfaces is about several 
degrees. As the separation coating 83 provided on the blazed grating 82 of the transparent 
substrate 81, a dichroic film 83B that selectively reflects B light is provided, and, as the 
separation coating 83 provided on the blazed grating 82 of the transparent member 84, a 
dichroic film 83 G that selectively reflects G light is provided. In addition, on the surface 
81a of the transparent substrate 81, a dichroic film 81R that selectively reflects R light is 
provided. 

[0114] This optical device 20 separates white light into R, G, and B light components so 
that the R, G, and B light components thus separated travel along different optical paths that 
are at an angle to one another. Out of the white light that strikes the optical device 20, the R 
light component is reflected from the dichroic film 81R at an angle of reflection equal to the 
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angle of incidence. The B and G light components, which are transmitted through the 
dichroic film 81R, enter the optical device 20 to reach the dichroic film 83B, and is separated 
by the dichroic film 83B into the G light component, which is transmitted therethrough, and 
the B light component, which is reflected therefrom. 

[0115] The B light component reflected from the dichroic film 83B is diffracted by the 
blazed grating 82, and then exits from the optical device 20 as light that travels at an angle to 
the R light. The G light transmitted through the dichroic film 83B then reaches the dichroic 
film 83G and is reflected therefrom so as to be diffracted by the blazed grating 82 and then 
exit from the optical device 20 as light that travels at an angle to the R and B light. 
[0116] Tables 4, 5, and 6 show the film configurations of the dichroic films 81R, 83B, 
and 83 G, respectively. In Table 4, the layer numbered 0 is the transparent substrate 81, and 
the layer numbered 22 is air. In Table 5, the layer numbered 0 is the transparent substrate 81, 
and the layer numbered 22 is the transparent member 84. In Table 6, the layer numbered 0 is 
the transparent substrate 81 side transparent member 84, and the layer numbered 22 is the 
surface-side transparent member 84. The optical thicknesses are given with respect to a 
reference wavelength of 765 nm for the dichroic film 81R, 451 nm for the dichroic film 83B, 
and 540 nm for the dichroic film 83 G. 

TABLE 4 







Configuration of Dichroic Film 81R 




Layer 


Refractive 
Index 


Optical Film 
Thickness 


Layer 


Refractive 
Index 


Optical Film 
Thickness 


22 


1 




21 


1.385 


0.14 


20 


2.3 


0.28 


19 


1.47 


0.28 


18 


2.3 


0.26 


17 


1.47 


0.25 
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15 



20 



16 
14 
12 
10 
8 
6 
4 
2 
0 



Layer 



25 



20 
18 
16 
14 
12 
10 
8 
6 
4 
2 



2.3 
2.3 
2.3 
2.3 
2.3 
2.3 
2.3 
2.3 
1.52 



0.25 
0.25 
0.25 
0.25 
0.25 
0.25 
0.26 
0.28 



15 
13 
11 
9 
7 
5 
3 
1 



1.47 
1.47 
1.47 
1.47 
1.47 
1.47 
1.47 
1.67 



TABLE 5 

Configuration of Dichroic Film 83B 



Refractive Optical Film 
Index Thickness 



22 1.52 



Layer Refractive 
Index 

21 2.3 



1.385 

1.47 

1.47 

1.47 

1.47 

1.47 

1.47 

1.47 

1.47 

1.385 



0.3 

0.3 

0.25 

0.25 

0.25 

0.25 

0.25 

0.25 

0.3 

0.3 



19 
17 
15 
13 
11 
9 
7 
5 
3 
1 



2.3 
2.3 
2.3 
2.3 
2.3 
2.3 
2.3 
2.3 
2.3 
2.3 



0.25 
0.25 
0.25 
0.25 
0.25 
0.25 
0.28 
0.14 



Optical Film 
Thickness 

0.09 

0.15 

0.225 

0.25 

0.25 

0.25 

0.25 

0.25 

0.225 

0.15 

0.1 
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TABLE 6 

Configuration of Dichroic Film 83G 





5 


Layer 


Refractive 
Index 


Optical Film 
Thickness 


Layer 


Refractive 
Index 


Optical Film 
Thickness 






22 


1.52 


21 


2.3 


0.09 










1 785 




1 Q 










18 


1.47 


0.3 


17 


2.3 


0.225 


o 


10 


16 


1.47 


0.25 


15 


2.3 


0.25 


IB 




14 


1.47 


0.25 


13 


2.3 


0.25 


in 




12 


1.47 


0.25 


11 


2.3 


0.25 


In 




10 


1.47 


0.25 


9 


2.3 


0.25 






8 


1.47 


0.25 


7 


2.3 


0.25 


p 
fj 


15 


6 


1.47 


0.25 


5 


2.3 


0.225 


ess, 

Ji 
□ 




4 


1.47 


0.3 


3 


2.3 


0.15 






2 


1.385 


0.3 


1 


2.3 


0.1 






0 


1.52 











20 [0117] Figs. 35, 36, and 37 show the relationship between the transmittance of the 
dichroic films 81R, 83B, and 83G, respectively, and the wavelength of the light incident 
thereon at an angle of incidence of 45 °, plotted separately for P-polarized and S-polarized 
light. When light enters the transparent substrate 81, it is refracted; therefore, even when the 
light is shone on the dichroic film 81R at an angle of incidence of 45°, the angles of incidence 

25 at which the light actually strikes the dichroic films 83B and 83B deviate from 45°. If the 
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blazing angle of the blazed grating 82 is assumed to be about 5°, the angles of incidence at 
which the light strikes the dichroic films 83B and 83 G are about 32° and about 22°, 
respectively. 

[0118] The optical device 20 can be used as an illumination optical system for 
5 illuminating an LCD 53 provided with a microlens array, such as the one shown in Fig. 48. 
In that case, since the optical device 20 is built as one unit, using it eliminates the need to 
adjust the relative angles of relevant elements as in the optical system shown in Fig. 47, and 
thus makes quick and accurate assembly possible. To form the light directed to the LCD 53 
into linearly polarized light and to extract light representing an image from the light that has 
10 been modulated by the LCD 53, it is possible to use a polarizing plate or the optical device 18 
described previously. 

[0119] Fig. 38 schematically shows the structure of the optical device 21 of a twenty-first 
embodiment of the invention and its action on light. This optical device 21 is provided with, 
as the separation coating 83, an angle separation film 83c, which reflects or transmits light 

\J\ 15 according to the angle of incidence thereof. Out of two light components that enter the 

□ 

.1™ optical device 21 from different directions, one is transmitted through the angle separation 

film 83c; the other is reflected from the angle separation film 83c, is then diffracted by the 
blazed grating 82, then reaches the end surface by being totally reflected, and then exits from 
the optical device 21. 

20 [0120] Table 7 shows the film configuration of the angle separation film 83 c, and Fig. 39 
shows the relationship between its transmittance and the angle of incidence of the light 
incident thereon, for light having a wavelength of 550 nm. In Table 7, the layer numbered 0 
is the transparent substrate 81, and the layer numbered 22 is the transparent member 84. The 
optical film thicknesses are given with respect to a reference wavelength of 700 nm. 



j'jfl 
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TABLE 7 





5 


Layer 


Configuration of Angle Separation Film 83c 

Refractive • Optical Film Layer Refractive 
Index Thickness Index 


Optical Film 
Thickness 






22 


1.62 




21 


1.62 


0.125 






20 


1.385 


0.3525 


19 


2.2 


0.3125 






18 


1.385 


0.3525 


17 


2.2 


0.1175 






16 


1.385 


0.4075 


15 


2.2 


0.125 




10 


14 


1.385 


0.4 


13 


2.2 


0.105 


ij JJ 




12 


1.385 


0.395 


11 


2.2 


0.135 


m 




10 


1.385 


0.38 


9 


2.2 


0.2075 


m 
!■* 




8 


1.385 


0.3875 


7 


2.2 


0.4475 


O 




6 


1.385 


0.3525 


5 


2.2 


0.2975 


-P 
ItJ 


15 


4 


1.385 


0.295 


3 


2.2 


0.3225 


in 




2 


1.385 


0.3475 


1 


1.62 


0.125 






0 


1.62 











[0121] Fig. 40 shows a case in which the optical device 21 is used as an illumination 
20 optical system for a reflective LCD. The optical device 21 is arranged parallel to the LCD 
91, and a linear light source 101 is arranged in the vicinity of the end surface of the optical 
device 21. Moreover, a polarizing plate 103 is arranged between the optical device 21 and 
the LCD 91. The light source 101 emits unpolarized light. The light emitted from the light 
source 101 enters the optical device 21 through its end surface, and then travels inside the 
25 optical device 21 by being totally reflected. The light that travels inside the optical device 
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21 is reflected from the angle separation film 83c, and thereby has its angle of incidence 
relative to the surface 81a of the transparent substrate 81 changed gradually until, when the 
angle of incidence becomes smaller than the critical angle, eventually transmitted through the 
surface 81a. The light transmitted through the surface 81a then strikes, as illumination light, 
the LCD 91 from a somewhat oblique direction. Before striking the LCD 91, this 
illumination light is formed into linearly polarized light by the polarizing plate 103. 
[0122] The LCD 91 is controlled in such a way that a linearly polarized light component 
whose polarization plane has not been rotated by modulation represents an image. The light 
modulated by and reflected from the LCD 91 is then made to include only the light 
representing an image by the polarizing plate 103, and then enters, from the transparent 
substrate 81, the optical device 21 at an angle of incidence different from the angle at which it 
has exited from the transparent substrate 81. This light strikes the angle separation film 83c 
at a small angle of incidence, and is thus transmitted through the angle separation film 83c so 
as to exit from the optical device 21 through the transparent member 84. The light that has 
exited from the optical device 21 may be observed directly, or may be projected through a 
projection optical system onto a screen. Instead of the polarizing plate 103, it is also 
possible to use the optical device 1 8 described previously. 

[0123] Fig. 41 shows a case in which the optical device 21 is used as an illumination 
optical system for a DMD and the light modulated by the DMD is projected through a 
projection optical system. The DMD 93 is arranged perpendicularly to the optical axis of the 
projection optical system 94, and the optical device 21 is arranged parallel to the DMD 93 
between the DMD 93 and the projection optical system 94. Moreover, a linear light source 
101 is arranged in the vicinity of the end surface of the optical device 21. As in the case 
described above in which the LCD 91 is illuminated, the light emitted from the light source 
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101 enters, as illumination light, the DMD 93 from a somewhat oblique direction. 
[0124] The DMD 93 is controlled in such a way as to reflect light representing an image 
in the perpendicular direction and reflect other light in a direction different from the 
perpendicular direction. These light components thus reflected in two different directions by 
the DMD 93 enter the optical device 21 through the surface 81a of the transparent substrate 
81. These light components both strike the angle separation film 83 c at a small angle of 
incidence, and are thus transmitted through the angle separation film 83c and then exit from 
the optical device 21. Out of the light that has exited from the optical device 21, only the 
light component representing the image enters the projection optical system 94 and is 
projected onto a screen (not shown). In this arrangement, it is possible to greatly reduce the 
back focal length of the projection optical system 94 as compared with an optical system that 
employs prisms as shown in Fig. 49. 

[0125] As shown in Fig. 42, it is also possible to provide two optical devices 21 with 
differently configured angle separation films 83c so that, out of the light reflected from the 
DMD 93 and then transmitted through one of the optical devices 21, i.e. the one serving for 
illumination, light other than the light representing the image is reflected from the angle 
separation film 83c of the other optical device 21 and is then totally reflected inside the 
optical device 21 so as to exit therefrom through the end surface thereof This helps, 
eliminate unnecessary light that travels toward the vicinity of the projection optical system 94, 
and thus makes it possible to further reduce the back focal length of the projection optical 
system 94. As shown in Fig. 39, the angle separation film 83c can be so configured as to 
reliably separate light components that are incident thereon at angles of incidence about 10° 
apart from each other. This makes the DMD 93 easy to produce, because then its individual 
mirror elements need only to point in one of two directions that are as small an angle as about 
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5° apart from each other. 

[0126] The two optical devices 21 may be arranged in reverse order. Instead of using 
two optical devices 21, it is also possible, as in the twentieth embodiment, to build a single 
optical device provided with two sets of a blazed grating 82 and an angle separation film 83c 
and use it both to illuminate the DMD 93 and to separate the light reflected from the DMD 93 . 
[0127] Fig. 43 schematically shows the structure of the optical device 22 of a twenty- 
second embodiment of the invention and its action on light. This optical device 22 is 
provided with, as the separation coating 83, a chiral nematic liquid crystal layer 83d that 
reflects one and transmits the other of two circularly polarized light components having 
opposite rotation directions. Moreover, the optical device 22 is provided with a 1/4-phase 
plate 104 that is bonded on the surface 81a of the transparent substrate 81. In the example 
taken up here, the chiral nematic liquid crystal layer 83 d is assumed to reflect right-handed 
circularly polarized light and transmit left-handed circularly polarized light. 
[0128] The optical device 22 can separate two linearly polarized light components having 
mutually perpendicular polarization planes that enter it by passing through the 1/4-phase plate 
104. By passing through the 1/4-phase plate 104, one of the two linearly polarized light 
components is formed into left-handed circularly polarized light and the other is formed into 
right-handed circularly polarized light. The left-handed circularly polarized light is 
transmitted through the chiral nematic liquid crystal layer 83d, and then exits from the optical 
device 22 through the surface 84a of the transparent member 84. 

[0129] On the other hand, the right-handed circularly polarized light is reflected from the 
chiral nematic liquid crystal layer 83d, is then diffracted by the blazed grating 82, and then 
passes through the 1/4-phase plate 104 again and is thereby formed into linearly polarized 
light. This linearly polarized light is totally reflected from the surface of the 1/4-phase plate 
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104, then passes through the 1/4-phase plate 104 again and is thereby formed back into right- 
handed circularly polarized light, and then enters the transparent substrate 81 again. This 
right-handed circularly polarized light, by being reflected from the chiral nematic liquid 
crystal layer 83d and totally reflected from the surface of the 1/4-phase plate 104 in similar 
manners, eventually reaches the end surface of the optical device 22 and exits from the optical 
device 22 through the end surface. 

[0130] Fig. 44 shows a case in which the optical device 22 is used as an illumination 
optical system for a reflective LCD. The optical device 22 is arranged parallel to the LCD 
91, and right-handed circularly polarized light is introduced into the optical device 22 through 
the end surface thereof This circularly polarized light, by being reflected as described 
above, travels inside the optical device 22. Meanwhile, the light is reflected from the liquid 
crystal layer 83d and has its angle of incidence relative to the surface of the 1/4-phase plate 
104 changed gradually, until, when the angle of incidence becomes smaller than the critical 
angle, it exits from the optical device 22 as illumination light for the LCD 91. This 
illumination light has been formed into linearly polarized light by passing through the 1/4- 
phase plate 104. 

[0131] The LCD 91 is controlled in such a way that a linearly polarized light component 
whose polarization plane has been rotated through 90° by modulation represents an image. 
The light modulated by and reflected from the LCD 91 enters the optical device 22, and is 
formed into circularly polarized light by the 1/4-phase plate 104. Here, the linearly 
polarized light component whose polarization has been rotated by modulation, i.e. the light 
that represents the image, is formed into left-handed circularly polarized light, and the linearly 
polarized light component whose polarization has not been rotated is formed back into right- 
handed circularly polarized light. These two circularly polarized light components then 
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reach the chiral nematic liquid crystal layer 83 d, and only the left-handed circularly polarized 
light component, representing the image, is transmitted through the liquid crystal layer 83d. 
On the other hand, the right-handed circularly polarized light component is reflected from the 
liquid crystal layer 83d, and then exits from the optical device 22 through the end surface 
thereof. In this way, only the light representing the image is extracted. 

[0132] In the embodiments described above, the blazed grating 82 is so designed as to 
simply diffract light; however, it may also be given an optical power. This can be achieved 
by, instead of giving the blazed grating 82 a structure that is periodic all over, giving it a 
structure with varying periodicity and structural units from one portion thereof to the next so 
as to obtain continuously varying diffraction angles. It is also possible to provide, instead of 
the blazed grating 82, a bi-level or multi-level diffraction grating and provide a separation 
coating 83 on top thereof. 

[0133] Obviously, many modifications and variations of the present invention are possible 
in light of the above teachings. It is therefore to be understood that within the scope of the 
appended claims, the invention may be practiced other than as specifically described. 



-64- 



